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Preface 
The work presented within this thesis is also being prepared for two separate 
publications.  The first publication covers the work referred to Phase 1, and is presented 
in portions of Chapters 3-7.  The publication has been submitted to SAE International for 
review and is tentatively titled “Development of the Methodology for Using a Terahertz 
Wave Scanner to Determine the 3D PM Distribution in a Catalyzed Particulate Filter.”  
The authors include Ryan Foley, Jeff Naber, John Johnson, all of Michigan 
Technological University, and Leigh Rogoski of Cummins Inc.  Ryan Foley conducted 
the on-engine experiments, developed testing practices, developed the analysis method 
which is the focus of the publication, analyzed the data, and drafted the paper.  Jeff Naber 
assisted in the development of the test matrix, assisted in the development of the analysis 
method, provided direction to the project, and edited the publication.  John Johnson 
assisted in the development of the test matrix, provided direction and support to the 
project, and edited the publication.  Leigh Rogoski conducted the data collection that was 
required at Cummins, provided support to the project, and edited the publication. 
The second publication covers the work referred to as Phase 2, and is also presented in 
portions of Chapters 3-7, as both phases are discussed in those chapters.  This publication 
has not been developed yet, but will be drafted in early 2014.  The intent is to submit the 
publication to SAE International.  There is no working title at this time.  The authors 
tentatively include Ryan Foley, Jeff Naber, John Johnson, all of Michigan Technological 
University, and Leigh Rogoski of Cummins Inc.  Ryan Foley developed the test matrix, 
test procedures, conducted the on-engine experiments, analyzed the data, and will draft 
the publication.  Jeff Naber assisted in the development of the test matrix, provided 
direction and support to the project, and will edit the publication.  John Johnson assisted 
in the development of the test matrix, provided direction and support to the project, and 
will edit the publication.  Leigh Rogoski conducted the data collection that was required 
at Cummins, provided support to the project, and will edit the final publication.   
Finally, a portion of this work was developed collaboratively.  Chris Hutton and Ryan 
Foley worked jointly on Phase 1 of this project.  Chris started the work by developing the 
original test matrix, thermocouple layout, and testing procedure, worked with Cummins 
to gain an understanding of the Advantest System they were using to collect data, and 
completed two tests that resulted in substrate scans.  Ryan Foley continued the work after 
Chris Hutton left Michigan Technological University for another job.  Ryan added 
portions to the test matrix that allowed the data processing to be completed, improved the 
test procedures, completed the other three tests that were used for substrate scans, 
analyzed all of the data for the tests in Phase 1, continued to work with Cummins to 
understand the Advantest system, and drafted all of the presentations and the publication 
that resulted from Phase 1 of the research.   
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Definitions 
Aftertreatment System The combination of the DOC, CPF, and SCR used to 
reduce the emissions associated with heavy duty diesel 
engines. 
Particulate Matter (PM) The solid content in the exhaust.  This includes 
carbonaceous and ash content 
Phase 1 The first part of the PM distribution study.  Focused on 
developing the test and data analysis methods and seeing 
the performance of the TAS7000. 
Phase 2 The second part of the PM distribution study.  Focused 
on developing an understanding of PM distribution 
trends after multiple engine conditions. 
Loading The portion of a test where PM is loaded into a CPF. 
Passive Oxidation The portion of a test where primarily NO2 assisted 
oxidation of the PM occurs. 
Active Regeneration The portion of a test where primarily O2 assisted, thermal 
oxidation of the PM occurs. 
Post Loading The portion of a test, after oxidation occurs, where PM is 
loaded into a CPF. 
Spatial Resolution The area (2D) or volume (3D) represented by one sample 
point. 
Sample Point The data that are generated by a scanning system.   
Baseline Data Set/Scan A scan taken of a substrate before any PM loading has 
occurred.  
Axial Section A division of the substrate along its length, in the data set 
which is generated by the TAS7000. 
Radial Section A division of the substrate in the radial direction, in the 
data set and there are 4 equal area radial sections, in each 
axial section, generated during data processing. 
Angular Increment A division of the substrate in the angular direction, in the 
data set.  There are 72 5° angular increments, in each 
axial section, generated during data processing. 
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Analysis Point The average of the sample points contained within one 
axial section, radial section, and angular increment.  
There are 288 analysis points in each axial section. 
Quadrant A collection of 18 angular increments, used to give 
general data trends. 
Axial Segment A collection of 16 (ISB) or 31-32 (ISL) axial sections 
used to give general data trends. 
Region A collection of axial sections, radial sections, angular 
increments, quadrants, or axial segments for which the 
PM distribution is being analyzed. 
Analysis Area A collection of analysis points within an axial section, 
radial section, angular increment, quadrant, or axial 
segment used to calculate the PM distribution 
information.   There are multiple analysis areas in one 
region. 
Individual Value Uniformity index value in one axial section, radial 
section, or angular increment and they show a high level 
of detail. 
Regional Value Uniformity index value in one axial segment, radial 
section, or quadrant and they show general data trends. 
Overall Value One uniformity index value in the axial, radial, or 
angular direction.  These values are used in for 
comparisons of different test cases. 
Second Loading A PM loading that occurs after the initial loading phase 
of a test is completed.  A passive oxidation or active 
regeneration stage is not completed in between the 
original and second loading 
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Abstract 
The particulate matter distribution (PM) trends that exist in catalyzed particulate filters 
(CPFs) after loading, passive oxidation, active regeneration, and post loading conditions 
are not clearly understood.  These data are required to optimize the operation of CPFs, 
prevent damage to the CPFs caused by non-uniform distributions, and develop accurate 
CPF models.  To develop an understanding of PM distribution trends, multiple tests were 
conducted and the PM distribution was measured in three dimensions using a terahertz 
wave scanner.  The results of this work indicate that loading, passive oxidation, active 
regeneration, and post loading can all cause non-uniform PM distributions.  The density 
of the PM in the substrate after loading and the amount of PM that is oxidized during 
passive oxidations and active regenerations affect the uniformity of the distribution.  Post 
loading that occurs after active regenerations result in distributions that are less uniform 
than post loading that occurs after passive oxidations. 
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Chapter 1. Introduction 
The Environmental Protection Agency (EPA) emission standards for 2010 to the present 
require heavy duty diesel engines to use an aftertreatment system consisting of a diesel 
oxidation catalyst (DOC), a catalyzed particulate filter (CPF), and a selective catalytic 
reduction (SCR) system.  The DOC, CPF, and SCR consist of ceramic substrates, which 
are flow through (DOC and SCR) or wall flow (CPF) and are housed within a metal can.  
The substrate is secured in a can by an interference fit between the can and a mat that is 
wrapped around the substrate.  A wall flow substrate is made by plugging every other 
inlet and outlet channel, as shown in Figure 1.1.  The plugs force the flow through the 
substrate wall, which will filter the particulate matter (PM) out of the exhaust.  The PM is 
filtered initially in the substrate wall, and eventually it will form a “cake” layer on top of 
the wall.  The cake layer and substrate wall result in a filtration efficiency in excess of 
97% [1].       
 
Figure 1.1: CPF Schematic 
The current focus of research surrounding the aftertreatment system is on the 
development of a thorough understanding of the aftertreatment system performance in an 
effort to optimize and reduce the associated fuel consumption and emissions.  Advanced 
experimental measurements and accurate models that can predict the inlet and outlet 
conditions, as well as the internal states, of each component in the aftertreatment system 
are employed to develop a thorough understanding of the aftertreatment system 
performance.  The measurement of the PM distribution in a CPF is one of the advanced 
experimental measurements that is required to understand the CPF performance and 
develop accurate CPF models.  The PM distribution needs to be measured after PM 
loading, passive oxidation, active regeneration, and post loading conditions.  Post loading 
is defined as an additional PM loading stage that takes place after PM is oxidized by a 
passive oxidation engine condition or an active regeneration test condition.    
The measurement of the PM distribution in a CPF is required for three reasons.  The first 
reason is that knowledge of the PM distribution after PM loading, passive oxidation, 
active regeneration, and post loading events can lead to a better understanding of the 
effects of those events on the CPF performance, e.g. pressure drop and PM oxidation 
Flow Inlet
Flow Outlet
Channel 
Plug
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kinetics.  The second reason PM distribution measurements are required is that increased 
knowledge on the effect of PM loading, passive oxidation, active regeneration, and post 
loading on the PM distribution will help to optimize the operation of CPFs.  This includes 
understanding the maximum allowable PM loading in the substrate and the required 
frequency of active regenerations to prevent substrate damage caused by non-uniform 
PM distributions.  If the PM distribution in a substrate is not uniform, excessive thermal 
gradients can be generated during active regenerations, causing damage to the substrate.  
This was shown by Zhan et al. in reference [2].  The third reason PM distribution 
measurements are important is to provide data that will lead to the development of CPF 
models that agree with experimental data. 
Accurate models are calibrated and validated using experimental data. Michigan 
Technological University (MTU) has developed a one dimensional (1D) CPF model, 
which is described by Premchand, et al., in reference [1].  The developed model is 
capable of calculating the gaseous emission concentrations, exhaust gas temperatures, 
filtration efficiency of the PM cake and the substrate wall, total PM retained, PM cake 
layer thickness, total substrate pressure drop, and various other parameters [1].  The 
pressure drop, mass retained, exhaust gas temperatures, and gaseous emissions 
concentration are calibrated using experimental data collected in the MTU test cell.  The 
PM distribution that is predicted by the model, however, is not calibrated and has not 
been compared to experimental data.  This is because experimental measurements of the 
PM distribution in a CPF are, traditionally, difficult to obtain.  The axial PM distribution 
from the model is a function of the wall flow velocity distribution [1].  The lack of 
experimental PM distribution data makes it difficult to develop CPF models that agree 
with experimental data. 
Recently, new methods of measuring the PM distribution in a CPF have been developed.  
These new methods make experimental measurements easier to obtain and can 
characterize the three dimensional (3D) PM distribution.  A research study was 
developed that used a terahertz wave scanner, which is one of the newly developed 
methods, to gain an initial understanding of PM distribution trends.  The study was 
focused on analyzing PM distribution trends for loading, passive oxidation, active 
regeneration, and post loading conditions.  In order to analyze the PM distribution data, 
new methods had to be developed that could handle the 3D data sets.  This thesis presents 
the developed analysis methods, as well as the PM distribution trends that were 
determined during the study.   
 Goals of Research 1.1.
The research that was conducted to investigate PM distribution trends was divided into 
two phases, with two distinct goals.  The first phase, Phase 1, was devoted to developing 
the methodology that would be used to conduct PM distribution experiments using 
terahertz wave scanner.  The second phase, Phase 2, was devoted to understanding PM 
distribution trends for loading, passive oxidation, active regeneration, and post loading 
conditions.  Both of these phases had a unique set of objectives tailored for the specific 
purpose of the phases. 
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1.1.1. Phase 1: Experimental and Methodology Development 
The goal of Phase 1 of the PM distribution research study was to develop an 
understanding of the system used to measure the PM distribution, as well as to develop 
the analysis methods that would be required to characterize PM distribution.  With that 
purpose in mind, three objectives were developed:  
1. Develop the experimental methods and instrumentation. 
2. Evaluate the capabilities of the PM distribution measurement system. 
3. Develop an analysis method that can quantify PM distributions. 
The experimental methods and instrumentation were based on the research previously 
conducted in the MTU test cell by Hutton [3], Shiel [4], and Pidgeon [5].  However, 
modifications had to be made to the methods and instrumentation they developed to 
accommodate stopping the test and measuring the PM distribution.  For this research, an 
Advantest TAS7000 3D Imaging Analysis System, which uses terahertz waves to 
measure the PM distribution, was used.  However, there was limited data available that 
discussed the capabilities of the TAS7000 system to measure the PM distribution that 
resulted from PM loading and oxidation conditions.  As a result, the tests that were 
conducted as part of Phase 1 were designed to investigate PM distribution trends after 
operating CPFs with PM loading, passive oxidation, and active regeneration conditions.  
A method had to be developed that would allow PM distributions to be quantified and 
evaluated; the literature did not present methods for analyzing 3D data sets.  During 
Phase 1, an analysis method was developed that would accomplish that task. 
1.1.2. Phase 2: PM Distribution Trend Analysis 
Phase 2 of PM distribution research study was developed to further explore, and collect 
data on, PM distribution trends using the engine conditions that were used to calibrate the 
MTU 1D CPF model in reference [1].  The Phase 2 work was developed with the results 
of Phase 1 in mind.  There were five objectives that were used when developing the 
experimental plan for the Phase 2 work.  The objectives were as follows: 
1. Verify and validate the PM distribution trends that were found during Phase 1.  
2. Answer questions that arose after analyzing data from Phase 1. 
3. Compare the PM distributions that resulted from two different engines and 
aftertreatment systems.  
4. Develop a better understanding of the PM distribution trends that exist for 
loading, passive oxidation, active regeneration, and post loading conditions.  
5. Validate experimental procedures and instruments that are used to measure the 
PM distribution.   
The PM distribution trends that were observed during Phase 1 needed to be validated and 
resulted in questions that needed to be investigated.  Phase 1 and 2 were designed to be 
conducted on two different engines, with two different aftertreatment systems.  As a 
result, the similarities and differences that may exist in the PM distribution as a result of 
the different engines and aftertreatment systems needed to be investigated.  The first three 
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objectives caused the experimental plans for Phase 1 and Phase 2 to be similar in terms of 
the tests that would be run and the scans that would be taken.  However, the main goal of 
Phase 2 was the fourth objective, which was the deeper investigation into the PM 
distribution trends that occur in CPFs for loading, passive oxidation, active regeneration, 
and post loading engine conditions.  The majority of tests that were conducted in Phase 2 
were designed to provide data sets that would show how the PM distribution in a CPF 
changes for the different conditions and PM density levels.  The data obtained from the 
tests will be compared to the PM distribution output from the MTU 1D CPF model.  To 
allow for the experimental data and model results to be compared, the tests conducted in 
Phase 2 were run using similar methods and engine conditions as Hutton [3], Shiel [4], 
and Pidgeon [4].  The final purpose of the work conducted in Phase 2 was to evaluate the 
effect of shipping the substrate on the PM distribution and the repeatability of the 
TAS7000.  Data on the effect of shipping will provide an understanding on whether 
shipping the substrate affects the PM distribution in the substrate.  The repeatability of 
the data from the TAS7000 allows the functionality and accuracy of the system to be 
understood and accounted for when looking at data trends. 
 Overview of Thesis 1.2.
This thesis discusses research that was conducted to investigate PM distribution trends in 
CPFs.  This includes presenting relevant literature, discussing the experimental setup, 
explaining the analysis methodology, providing the experimental plans, and discussing 
the results of the experiments that were conducted.  Each chapter is focused on one these 
topics.  Additional data that were collected and procedures that were used during the PM 
distribution work are included in the appendices. 
Chapter 2 presents a review of current literature.  There are four main focuses of the 
literature review: PM filtration theory, PM distribution trends as found through modeling, 
techniques to experimentally measure the PM distribution, and PM distribution trends as 
found experimentally.  Background on the TAS7000 is presented as well.  Chapter 3 
explains the experimental setup that was used to conduct the PM distribution research.  
This includes the engine, aftertreatment system components, fuel, instrumentation and the 
TAS7000.  Chapter 4 discusses the methodology used to process the scan data that were 
collected with the TAS7000.  The calibration procedure, uniformity index development, 
analysis procedure, uniformity limit, and correlation coefficient are discussed in detail.  
Chapter 5 provides the experimental plans and procedures that were used to conduct the 
PM distribution study.  Both Phases 1 and 2 are presented and discussed in detail.  
Chapter 6 presents the results from the experiments that were conducted.  These results 
are discussed and compared to data that was found in the literature review.  Chapter 7  
summarizes the experimental findings.  Chapter 8 provides recommendations for future 
research on PM distribution trends. 
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Chapter 2. Literature Review 
A literature review was conducted with four objectives in mind.  The first objective was 
to understand the mechanisms that affect the deposition of PM in a particulate filter.  
Having background knowledge on the mechanisms that influence the PM deposition can 
help to explain trends in the experimental data.  The second objective was to determine 
what current particulate filter models predict for PM distribution trends.  The modeled 
PM distributions are based on fundamental equations and therefore provide information 
on what trends are expected in the PM distribution.  The third objective was to develop 
an understanding of the methods that are currently available to measure the PM 
distribution.  Comparing the different measurement methods allowed for decisions to be 
made that determined how experimental data would be collected for this study.  The 
fourth and final objective was to gather and study PM distribution data that was 
experimentally measured.  Although limited, this data would highlight the differences 
between the modeled PM distribution and the actual PM distribution.   
 Particle Filtration Theory 2.1.
To discuss in detail any PM distribution trends, it becomes important to understand what 
drives the filtration in a particulate filter.  The literature review resulted in six possible 
sources of particle filtration occurring in a particulate filter: 1) diffusion, 2) interception, 
3) inertia, 4) gravity, 5) electrostatic forces, and 6) thermophoresis [6, 7]. The 
effectiveness of each of those mechanisms is dependent on the size of the particles.  
Experimental data collected during this study has shown that diesel PM is typically below 
1000 nm in size, as shown in Figure 2.1.  As this figure shows, particle size distribution 
measurements that were taken upstream of the DOC (UDOC), downstream of the DOC 
(DDOC), and downstream of the CPF (DCPF).  The subplot on the left shows the 
distribution of the particles based on number, and the subplot on the right shows the 
distribution of the particles based on the volume of the particles.  Logarithmic scales are 
used for both the x and y axis.  A greater explanation of the equipment and procedures 
used to collect the data shown in Figure 2.1 is given in Chapter 3.  For particles below 
1000 nm, the two main causes of particle filtration are diffusion due to Brownian motion 
and direct interception with the substrate wall [6].  Diffusion has been found to be the 
primary cause of filtration for particles smaller than 200 nm, while interception is the 
primary cause above 200 nm, as shown in Figure 2.2 [7].  Diffusion of particles, by 
definition, is driven by concentration gradients.  Interception of particles is related to the 
manner in which exhaust gases pass through the walls of a substrate, since the particles 
remain in the streamlines prior to being captured by the substrate wall [7].  The 
distribution of the flow of the exhaust gas through the substrate wall will therefore have 
an impact on the PM distribution in the substrate.  It is important to look at the wall flow 
profiles to gain a better understanding of the flow effects on the PM distribution. 
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Figure 2.1: Example of Particle Sizes Taken from the Phase 2 Test 1 Loading Stage 
 
Figure 2.2: Example of Filtration Mechanism Effectiveness v. Particle Size [7] 
Reprinted with permission from SAE Paper No.  2007-01-0921  © 2007 SAE International. 
The axial through-wall gas flow distribution has been shown to be dependent on the 
pressure drop through the wall, and therefore the porosity and permeability of the 
substrate [8].  The PM loading in a substrate will affect the porosity, and therefore 
permeability, of the substrate since it will take up the open volume in the ceramic 
material used in the construction of substrates.  This was confirmed by Opris, et al. in 
reference [8], with the results of their work shown in Figure 2.3.  The two lines labeled 
Ke, 60 ppm Cu Additive and Ke, 0 ppm Cu additive show the overall permeability of the 
substrate as PM is loaded into the substrate.  The overall permeability decreased by an 
order of magnitude as the substrate was loaded with PM. 
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Figure 2.3: Change in Overall Permeability as a Function of Loading [8] 
Reprinted with permission from SAE Paper No.  980545  © 1998 SAE International. 
Liu, et al. provided an example of the predicted axial distribution in the through-wall gas 
flow (Uw) at three different levels of permeability, as determined through modeling 
efforts, in reference [9] and the results are shown in Figure 2.4.  As the overall 
permeability of the substrate decreased, the flow distribution was shown to become more 
uniform.  The wall flow distribution is also impacted by the velocity that the exhaust gas 
enters the channels of the substrate [9].  This is illustrated in Figure 2.5, where the wall 
flow distribution for three different velocities and two different permeability levels is 
shown.  In Figure 2.5, subplot (a) shows the distribution trends for a permeability of 
1.8×10-13 m2, and subplot (b) shows the distribution trends for 1.8×10-11 m2.  As the inlet 
velocity is increased, the wall flow distribution becomes less uniform.  As the 
permeability increases, the non-uniformity in the flow distribution becomes more 
significant. The manner in which PM is deposited into the substrate has also been shown 
to change with respect to exhaust gas velocity.  Konstandopoulos, et al. show in reference 
[10] that as the velocity of the exhaust gas increases, the porosity, and subsequently the 
permeability, of the deposited PM decreases.   
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Figure 2.4: Axial Through-Wall Flow Distribution as a Function of Permeability [9] 
Reprinted from Journal of Aerosol Science, 40 /4, Liu, Y., Gong, J., Fu, J., Cai, H., Long, G., “Nanoparticle 
motion trajectories and deposition in an inlet channel of wall-flow diesel particulate filter,” Page 316, Copyright 
2008, with permission from Elsevier. 
 
Figure 2.5: Effect of Inlet Exhaust Gas Velocity on Wall Flow Distribution [9] 
Reprinted from Journal of Aerosol Science, 40 /4, Liu, Y., Gong, J., Fu, J., Cai, H., Long, G., “Nanoparticle 
motion trajectories and deposition in an inlet channel of wall-flow diesel particulate filter,” Page 317, Copyright 
2008, with permission from Elsevier. 
In reference [11], Masoudi comes to the conclusion that the PM distribution should be 
uniform in the axial direction due to fluid dynamics and the concept of the path of least 
resistance.  The path of least resistance is the idea that the exhaust will flow through the 
substrate wherever there is the least impedance to flow.  Therefore, as an area becomes 
loaded with PM the flow will be redirected to an area with less PM, resulting in a uniform 
PM distribution.  In general, it has been shown through modeling work that particles will 
follow the flow streamlines, so the axial through-wall gas flow distribution would have to 
change significantly for that to be true [9].  However, the lack of empirical data means 
that the actual PM distribution in the substrate after being exposed to various engine 
conditions, the effect of permeability and exhaust gas velocity on the PM distribution, 
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and the changes in the substrate permeability as the substrate is loaded with PM are not 
clearly understood.     
 Modeled PM Distribution 2.2.
In an effort to better understand how CPFs perform, many researchers have developed 
models that will predict the exhaust gas flow paths through the substrates.  Some of these 
models will also predict the PM distribution in the channels of the substrates.  These 
models are based on the fundamental equations, a large portion of which can be found in 
reference [8].  The models are also typically calibrated to experimental data so that the 
overall pressure drop, mass of PM retained, etc., agree with experimental data.  The 
fundamentals of how PM is loaded into a substrate were discussed in section 2.1, so this 
section will focus on the results obtained by models that use similar fundamentals. 
Liu, et al., in reference [12], discuss the flow of exhaust gas through a clean substrate, 
since that will impact the initial PM distribution.  They developed both an analytical and 
numerical model, the latter of which allows for multi-dimensional analysis of the gas 
flow. The results of the numerical model show that a zone exists near the channel plugs 
where the exhaust gas recirculates, and does not follow the rest of the streamlines.  These 
zones could be part of an explanation as to why the axial through-wall gas flow has a 
higher velocity near the inlet and the outlet of the channel, as is found in Figure 2.4. The 
authors state that a high pressure differential and flow inertia may be additional causes 
for the increased wall flow near the inlet and outlet of the channel, respectively [12].  
In reference [13], Piscaglia, et al. developed a multidimensional model that would 
simulate the deposition of particles within the exhaust stream.  Their worked went 
beyond the clean filters result presented in reference [12], and investigates how PM is 
deposited into the cake layer.  Figure 2.6, which comes from reference [13], shows the 
PM distribution at the start of the PM cake layer formation for three space velocities and 
two values of permeability.  In subplot (a) of Figure 2.6, the permeability was 10-11 m2 
and in subplot (b) the permeability was 10-12 m2.  In general, the trends that are shown in 
Figure 2.6 follow the axial wall gas flow distribution shown in Figures 2.4 and 2.5.  The 
developed model shows that the PM deposition profile is dependent on the velocity field 
at least up to the point where the PM cake is formed [13].   
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Figure 2.6 PM Distribution at the Beginning of Cake Formation [13] 
Reprinted with permission from SAE Paper No.  2005-01-0963  © 2005 SAE International. 
Yi developed a 3D model in reference [14] and presented results for a simplified 
representation and a full substrate complete with inlet and outlet connections.  It should 
be mentioned that a DOC was not used in the simulations.  The developed model shows 
the evolution of the PM distribution as a function of time.  Subplot (1) in Figure 2.7 
shows a clean substrate, and subplot (6) shows a PM loaded substrate.  The total amount 
of PM retained in the substrate in subplot (6) is not known.  The subplots in between (1) 
and (6) show the evolution of the PM distribution as a function of loading.  The PM 
loading increases in subplots (1) - (6) in sequential order.   The simulation begins with a 
PM distribution similar to that found in Figure 2.6, but evolves to a uniform distribution, 
as shown in Figure 2.7 [14].  This result is in agreement with Masoudi in reference [11] 
where it was stated that the final PM distribution should be uniform. 
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Figure 2.7: Evolution of Axial PM Loading [14] 
Subplot (1) is a clean filter and subplot (6) is a loaded filter.  The final PM loading is unknown, and the units 
used with the color bar are unknown.  The results show a uniform axial distribution at the completion of 
loading. 
Reprinted with permission from SAE Paper No.  2006-01-0264  © 2006 SAE International. 
The model presented in reference [14] was also run with inlet and outlet connections 
attached to the substrate.  The results are shown in Figure 2.8, which shows the porosity 
of the substrate as a function of time and a low porosity indicates PM loading [14].  
Subplots (1) – (6) show the evolution of the PM distribution as a function of PM loading, 
with the PM loading increasing in consecutive subplots.  Subplot (1) shows a clean 
substrate and subplot (6) shows a loaded substrate.  The amount of PM retained in 
subplot (6) is not known.  The results show that a significant non-uniformity in the radial 
direction develops as the loading increases.  The coloring in the outer edges of the 
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substrate indicate that there is little PM loading taking place.  Masoudi stated that a non-
uniform radial distribution is to be expected [11].  The centerline of the substrate shows a 
similar axial PM loading distribution as is shown in Figure 2.7.  It is unknown if the PM 
loading in subplot (6) of Figure 2.8 is similar to the PM loading in subplot (6) of Figure 
2.7, but it is noteworthy that the axial PM distribution does not become as uniform in 
Figure 2.8 as it did in Figure 2.7.  Figure 2.8 shows a higher PM loading near the inlet 
and outlet of the substrate, than in the middle. 
 
Figure 2.8: Evolution of Radial PM Loading [14] 
Subplot (1) is a clean filter and Subplot (6) is a loaded filter.  The plot shows the evolution of the substrate 
porosity as a function of time.  The final PM loading is unknown, and the units used with the color bar are 
unknown. The results show a significant non-uniform radial distribution.  
Reprinted with permission from SAE Paper No.  2006-01-0264  © 2006 SAE International. 
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Bensaid, et al., in reference [15], developed a 3D model of a particulate filter that would 
predict PM loading.  The results of their work are shown in Figure 2.9, which consists of 
plots of the axial through-wall gas flow distribution at six different PM loading levels.  
The PM loading levels are normalized, so they are shown as a fraction of the peak 
loading [15].  The authors do not provide the peak loading level.  The results show that as 
a substrate is loaded with PM, the area near the inlet and outlet of the substrate 
experience the greatest amount of change in the flow rates initially.  This is in agreement 
with the work presented previously.  The minimum amount of flow is predicted near the 
middle of the substrate’s length.  The authors do show a fairly uniform flow distribution 
at the completion of loading.  
 
Figure 2.9: Wall Flow Distribution as a Function of PM Loading [15] 
The plot shows the evolution of the normalized through wall velocity, as a function of PM loading.  The final PM 
loading is unknown.  Subplot (e) is assumed to show the collected soot fraction of 0.35. 
Reprinted from Chemical Engineering Journal, 154 /1-3, Bensaid, S., Marchisio, D., Fino, D., Saracco, G., 
Specchia, V., “Modelling of diesel particulate filtration in wall-flow traps,” Page 216, Copyright 2009, with 
permission from Elsevier. 
The results of the models that were presented in this section provide valuable insight into 
how PM is possibly distributed in a substrate.  These models are accurate in the sense that 
the total pressure drop across the modeled substrate at a given PM loading is similar to 
pressure drop data that were experimentally collected [12-14].  The models discussed in 
this section only looked at PM loading, starting with a clean substrate.  In addition to PM 
loading, the effect of passive oxidation and active regeneration on the PM distribution 
needs to be studied further.  In order to discuss actual PM distribution trends, 
experimental measurements need to be taken after loading, passive oxidation, active 
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regeneration, and post loading conditions in order to fully characterize PM distribution 
trends.  The PM distribution from models can then be compared to the experimental 
measurements to evaluate their accuracy.  One of the main reasons there is little 
experimental data is that PM distribution measurements are hard to obtain. 
 PM Distribution Measurement Methods 2.3.
Taking experimental measurements of PM distribution can be complicated.  Many of the 
measurement methods involve altering the substrate by cutting out sections of the 
substrate or drilling holes in the channel plugs to introduce additional constituents.  Other 
measurement methods consist of measuring the radial flow distribution.  Although these 
methods are typically non-intrusive, they do not capture the full 3D PM distribution 
characteristics.  Traditionally, both intrusive and non-intrusive measurement methods 
provide a finite amount of data.  Recently, non-intrusive multi-dimensional measurement 
methods have been developed that use imaging methods to determine the PM 
distribution.  These new methods are still in the validation stage and are not in 
widespread use.  This section will discuss the restrictive measurement methods, both 
intrusive and non-intrusive, that have been used as well as the multi-dimensional 
measurement methods. 
2.3.1. Restrictive Measurement Methods 
Measuring the thickness of the PM cake layer is one method used to determine the PM 
distribution in a substrate.  The thickness of the PM cake layer is usually obtained by 
cutting out sections of the substrate and using an optical microscope [16], digital camera 
[17], scanning electron microscope (SEM) [15, 18, 19], or stereo microscope [20] to 
measure the PM cake layer in the multiple sections.  Dissecting a substrate and measuring 
the PM cake thickness allows for measuring axial and radial PM distribution trends.  
There are, however, two problems associated with this method of measuring PM 
distribution.  The first problem is that cutting the substrate could affect the PM cake 
thickness near the area of the cut, resulting in less accurate measurements [18].  The 
second problem is that repeated tests cannot be easily performed on a single substrate due 
to the cutting.  This is important when looking at how the PM distribution changes after 
multiple loading and oxidation cycles.  In reference [19], Pinturaud developed a method 
to run repeated tests on a single substrate section and take SEM images.  A specialized 
can was designed to hold seven sections of a scaled down substrate and it could be 
disassembled and reassembled to allow for SEM images [19].  Additionally, by not 
cutting the substrate each time, there would be little disturbance in the PM cake 
thickness.  This would be difficult, but not impossible, to perform on a full size substrate.  
The ability to perform successive PM distribution measurements on a single substrate is 
desired.  This would allow for direct changes in the PM distribution between loading and 
passive oxidation or active regeneration conditions to be measured, as well as the PM 
distribution that results from multiple loading and passive oxidation or active 
regeneration experiments.  
Another method of measuring PM distribution that involves modifying the substrate is  
explained by Subbu, et al. in reference [21].  The authors drill a small hole in the channel 
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plug placed in the inlet face of the substrate and introduce a hydrocarbon (HC) gas.  A 
second method of injecting HC gas is proposed and it involves using a small capillary 
inserted in the outlet channel of the substrate, which would avoid altering the substrate.  
However, this method was not investigated further.  A sample tube, which is connected to 
a flame ionization detector (FID) used to measure the HC concentration, is inserted in the 
outlet channel where the HC gas is injected.  Room air is passed through the substrate, 
and the axial through-wall flow distribution can be determined by measuring the 
differential dilution ratio of the known HC gas concentration along the length of the 
substrate.  This method allows for both axial and radial measurements.  For radial 
measurements, multiple HC gas injection sites will be needed.  This method allows for 
repeated measurements if the use of the capillary to inject the HC gas could be verified, 
which would avoid altering the substrate.  The authors do state that their methods have 
not been verified, and the effect of the sample tube on wall flow distribution is not 
known. [21] 
Radial flow measurements, which can be correlated to the radial PM distribution, have 
been completed using a variety of anemometers. Laser Doppler Anemometry (LDA) was 
used by Ranalli et al. in reference [22].  A problem with LDA is that salt particles have to 
be introduced to the flow and they can cause interference with the flow through the 
substrate, affecting the measurement results [19, 22].  In reference [19], Pinturaud, et al. 
used a 9 mm propeller anemometer to measure the radial flow distribution in a substrate.  
The propeller anemometer did not disturb the flow through the substrate [19].  Stratakis, 
et al. used a hot wire anemometer to measure the radial flow distribution in reference 
[23].  Similar to the use of an anemometer, Stratakis, et al. used Pitot tubes to measure 
the radial flow distribution in reference [24].  All of these measurement methods provide 
a lot of information on the radial PM distribution, but do not provide any axial PM 
distribution.  A second measurement would be required to fully characterize the PM 
distribution. 
The final measurement method that will be discussed in this section is a pressurized air 
discharge device developed by Stratakis, et al. in reference [25].  This device is capable 
of measuring the radial PM distribution, similar to an anemometer.  It functions by 
forcing a controlled amount of pressurized air from a pressure vessel through a small 
group of inlet channels of a substrate.  It measures the decay of the pressure inside the 
pressure vessel, and that can be correlated to the amount of PM loading in those channels.  
A slower discharge rate would indicate a higher PM loading.  By measuring multiple 
groups of channels, a radial PM distribution trend can be found.  Similar to anemometer 
measurements, no axial PM distribution data is measured so a second measurement 
method would have to be used to fully understand the PM distribution in the substrate.  
[25] 
2.3.2. Multi-dimensional Imaging Measurement Methods 
Three multi-dimensional imaging measurement methods were found in the literature 
review: X-rays, dynamic neutron radiography, and terahertz waves.  The effort to use 
these methods is fairly recent, with the earliest publication being 2009 [26].  These 
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methods are, or will soon be, capable of measuring the complete 3D PM distribution.  
The biggest advantage of these methods is that the substrate itself does not have to be 
altered in any way for the measurements, allowing for repeated testing on one substrate.  
Additionally, the full PM distribution can be measured with just one measurement device. 
In reference [26], Zandhuis, et al. demonstrate the capability of an X-ray measurement 
system to measure the PM distribution in a substrate.  When possible, substrates were 
scanned prior to any loading to provide baseline data sets that could be used to separate 
the substrate from the PM loading.  The system was able to measure PM loading at levels 
as low as 0.1 grams.  The system was able to measure ash loading in addition to PM 
loading, although it can be difficult to distinguish one from the other.  Ash has a slightly 
stronger signal than PM, but no other distinguishing characteristics according to the 
authors.  The authors also demonstrated that the substrate would not have to be removed 
from the can for measurements, indicating that measurements could be performed on any 
substrate.  Lastly, the X-ray system was able to detect that a substrate had internal 
damage.  Although not currently available, the authors suggest that 3D imaging would be 
possible with the addition of rotating stages.  The spatial resolution, or the amount of area 
for a two dimensional (2D) scan or the amount of volume for a 3D scan represented by 
one sample point, was not discussed in great detail.  The spatial resolution is a function of 
the number of pixels used in the X-ray system. [26] 
A measurement system that uses dynamic neutron radiography was presented by Harvel, 
et al. in reference [27].  Similar to the X-ray system, data acquired from a clean substrate 
is used as a baseline measurement to enable more accurate calculations of PM loading.  
The system discussed had the necessary equipment to produce 3D data sets, but the 
required software was not available at the time of the publication.  For the system to 
provide accurate results, a calibration curve has to be produced for each test using the PM 
that was generated in that test.  This is because the calibration values for PM are 
dependent on the amount of hydrogen, carbon, oxygen, etc. it contains, as those materials 
attenuate neutron beams.  The spatial resolution of this system appears to be a function of 
the camera used to collect the data, but this was not discussed in great detail.  The ability 
to measure PM loading separate from ash loading was not discussed. [27] 
A system that uses terahertz waves to measure the PM distribution was discussed by 
Nishina, et al. in reference [28].  This paper discusses the Advantest TAS7000 3D 
Imaging Analysis System.  The TAS7000 is the only imaging system of the three 
discussed in this section that is capable of 3D measurements at this time.  It measures the 
PM distribution in the radial, r, angular, θ, and axial directions, z.  The authors do not 
provide the exact spatial resolution of the system.  The TAS7000 has the ability to 
measure both the catalyst washcoat and PM distribution.  Terahertz waves are also safer 
to work around since they have a lower energy level than X-rays. A baseline scan is taken 
of a substrate prior to any loading and the difference in the measurements between the 
loaded and clean substrate is used to determine the PM distribution, similar to the X-ray 
and dynamic neutron radiography measurement methods. [28] 
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The TAS7000 is the measurement system that was used for this research, which will be 
discussed in Chapter 6.  As such, it is important to provide more background on how the 
system works.  The TAS7000 is able to measure the loading of the washcoat, PM, ash, or 
other substances due to a unique property of terahertz waves known as the spectral 
fingerprint.  The spectral finger print is the unique motion that molecules exhibit when a 
terahertz waves passes through them, causing the terahertz wave to be attenuated in a 
very specific frequency spectrum [28, 29].   The amount of the substance of interest that 
is on or in a substrate is determined by setting average attenuation of the terahertz wave 
equal to the average loading of a substance [28].  Terahertz waves were shown to not 
penetrate metal, so prior to a substrate being scanned it has to be removed from the metal 
can [30].  Specific parameters of the TAS7000 used in this study will be discussed in 
Chapter 3. 
 Experimental Investigations of PM Distribution 2.4.
The measurement methods described in section 2.3 have been used to collect 
experimental data in a few studies.  This section will present a summary of the radial and 
axial PM distribution trends that were found in those studies.  The goal of this is to look 
for general trends.  Each study was conducted using different substrates, flow rates, 
engines, and experimental setups.  Some studies used soot generators to load the 
substrates and other studies did not have a DOC in front of the particulate filter.  All of 
these factors could contribute to different PM distributions, and so it may not be 
appropriate to compare the results from two different studies. 
Ranalli, et al., in reference [22], loaded a substrate at two different exhaust flow rates.  
The first flow rate was 60 kg/hr and it produced a uniform radial PM distribution from 0 
to 9.3 g/L.  The second flow rate was 320 kg/hr and it produced a non-uniform radial PM 
distribution after 5 g/L of PM was loaded into the substrate.  The results show that the 
periphery of the filter has a lower PM loading than the centerline.  The actual difference 
in PM loading levels is unknown since the PM distribution is measured using LDA 
techniques, meaning that only the difference in flow rates is available.  A result similar to 
this was published by Pinturaud, et al. in reference [19].  Pinturaud, et al. also showed 
that the radial PM distribution after an active regeneration remained uniform [19].  In 
reference [31], Ranalli, et al. show that optimizing the geometry of the piping going into 
the substrate can produce a uniform radial flow distribution at exhaust flow rates as high 
as 500 kg/hr.  Stratakis, et al. show the ability of the DOC to redirect and even the 
exhaust flow prior to it entering the substrate in reference [23].  This indicates that 
whether or not the system is optimized, or if it has a DOC in front of the particulate filter 
to assist in flow evening, can have an impact on the radial PM distribution.   
In reference [23], Stratakis, et al. used radial flow rate measurements to estimate the 
radial PM distribution as well.  The results show that halfway through the loading cycle, 
the center of the substrate had a higher PM loading than the edges.  However, at the 
completion of the loading cycle, the PM distribution becomes more uniform.  The PM 
loading was done at an exhaust flow rate of 190 kg/hr, approximately halfway between 
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the two flow rates that Ranalli, et al. used in reference [22], and the authors did not state 
the total amount of PM loaded. 
The thickness of the PM cake layer was measured in both the axial and radial direction by 
Nagata, et al. in reference [16].  Their substrates were loaded without a DOC upstream 
and were loaded to an average PM density of 9.5-9.8 g/L.  The results show that the inlet 
of the substrate, nearest the centerline, has the highest PM density, regardless of the 
exhaust flow rate. Additionally, near the inlet of the substrate, the periphery of the 
substrate has a lower loading than the centerline by 2 g/L for a low flow rate and 3 g/L 
for high flow rates.  The results for the other axial and radial locations show a more 
uniform distribution.  Only the results near the inlet of the substrate show significant non-
uniformities. 
In reference [17], Koltsakis, et al. measured the PM cake thickness in a single channel of 
a substrate.  The results show that the local PM cake thickness near the inlet of the 
substrate is around 90 μm, 75 μm near the middle of the substrate, and 85 μm near the 
outlet of the substrate, when the overall PM density is around 3.4 g/L.  When the overall 
PM density is increased to 8.2 g/L, the PM cake layer thickness is between 250 and 300 
μm throughout the axial length. [17] 
Bensaid, et al., in reference [18], measured PM cake layer thickness in substrates using 
two different housing configurations.  One configuration had the substrate directly behind 
the inlet cone, and the other housing had a straight section of pipe between the inlet cone 
and substrate.  The straight section would allow the flow to stabilize prior to it entering 
the substrate.  The PM distribution trends that were measured were similar for both 
housings.  The center section of the substrate, near 50% of the axial length, had a PM 
cake layer thickness 16-20% lower than the inlet and outlet PM cake thickness.  The 
housing with the straight section of pipe produced a similar axial PM distribution and a 
more uniform PM distribution in the radial direction.  Bensaid, et al. did collect data at 
lower PM loading levels as well.  Those results show that the PM cake thickness near the 
outlet of the substrate is higher than near the inlet.  The results also show that the 
minimum cake thickness occurred within 35% of the axial length.  The different PM 
loading levels used are not known.  It is also not known what caused the shift in the axial 
PM distribution trend. [18]  
Pinturaud, et al. measured the PM cake layer thickness using the sectioned substrate, 
which was discussed in section 2.3, and an SEM [19].  For multiple substrate loading 
levels, the thickest PM cake was found near the outlet of the substrate, and the thinnest 
PM cake was found near the inlet.  There was no amount of PM loading that showed a 
uniform PM distribution.  These results are shown in Figure 2.10.  This trend is different 
than that reported in references [16-18].  Pinturaud, et al. used this same apparatus to 
measure the PM cake thickness after an active regeneration was performed, with an initial 
PM loading of 7 g/L.  The results of this test are shown in Figure 2.11.  The PM cake 
thickness after 15, 34, and 41% of the PM was oxidized was higher than the PM cake 
thickness prior to the active regeneration.  When 45% of the PM was oxidized, the PM 
cake thickness was similar to the PM cake thickness prior to the regeneration.  The PM 
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distribution trends after 61 and 73% of the PM was oxidized were similar to the PM 
distribution trends during loading.  The axial PM distribution after 83% of the PM was 
oxidized was fairly uniform, with the cake thickness between 10 and 20 μm throughout 
the length of the substrate. [19] 
 
Figure 2.10: PM Cake Thickness v. PM Loading [19] 
Reprinted with permission from SAE Paper No.  2007-24-0094  © 2007 SAE International. 
 
Figure 2.11: PM Cake Thickness v. PM Oxidation [19] 
Reprinted with permission from SAE Paper No.  2007-24-0094  © 2007 SAE International. 
In reference [32], Harvel, et al. loaded a full size substrate to approximately 3 g/L and 
used a dynamic neutron radiography system to analyze the axial PM distribution.  The 
results show a PM loading that increased from the inlet to the outlet of the substrate, with 
the region near the outlet having the highest PM loading.  These results are in agreement 
with the results shown in reference [19].  These results are also in agreement with the 
models that were presented in section 2.2. 
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 Summary 2.5.
This section provided some of the theoretical background on PM filtration in filters.  The 
primary filtration mechanisms are diffusion and interception of the particles.  The 
interception mechanism is a part of the through-wall gas flow, and therefore the PM 
distribution is a function of the wall flow distribution.  Two factors that can impact the 
wall flow distribution were discussed, which were permeability and inlet velocity.  
Models were then investigated that were based on similar fundamental equations.  Three 
models provided predicted PM distributions, based on multi-dimensional substrate 
models.  The models show a non-uniform PM distribution at the start of the filtration 
process, but two of the models predict the PM distribution will be uniform eventually, 
although the PM density at that time is not known.  An overview of the methods that have 
been used to measure PM distributions was presented.  Three new measurement methods 
were discussed that are non-intrusive and can provide 3D data.  Finally, experimental 
results were presented.  The experimental measurements show that the radial PM 
distribution is a function of the PM loading level and the exhaust flow rate.  The radial 
distribution was found to be slightly non-uniform, with the periphery of the filter having 
a lower loading than the centerline.  Researchers were able to achieve a uniform radial 
distribution by straightening the incoming flow.  There were four distinct axial PM 
distribution trends that were found in the experiments: 
• Some of the results showed a uniform PM distribution at certain PM loading 
levels, while other results did not.   
• One researcher found that the PM loading was the highest near the inlet of the 
substrate.   
• The axial PM distribution found from two different researchers showed that the 
area near the inlet and outlet of the substrate would have a higher PM loading 
than the area near the middle of the axial length.   
• Two other researchers had results that showed the PM loading increased from the 
inlet to the outlet of the substrate.  
The amount of variation that exists in the collected data makes it difficult to draw 
conclusions and make comparisons to models.  More data that is collected using 
consistent methods is required to begin to understand PM distribution trends.  The work 
that is presented within this thesis will show PM distribution trends for loading, passive 
oxidation, active regeneration, and post loading experimental conditions.  This work is 
designed to develop the ability to measure 3D PM distributions and begin to explain 
fundamental PM distribution trends found for various test conditions.  The next chapters 
will discuss, in detail, the experimental work that was conducted.   
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Chapter 3. Experimental Setup1 
This chapter describes the experimental setup that was used for the PM distribution trend 
research, which will be discussed in Chapter 6.  This chapter serves to provide 
information on the manufacturer of the equipment and the specifications of the 
equipment.  The procedures that accompany some of the equipment listed here are 
provided in the appendices.  The engines and aftertreatment systems used, along with the 
terahertz wave scanner, are of particular interest to this research.  Two different engines 
and CPFs were used for this research, a 2010 Cummins ISB with a CPF that had a 229 
mm diameter and was 280 mm long and a 2007 Cummins ISL with a CPF that had a 267 
mm diameter and was 305 mm long.  Both CPFs were 2010 models, so the catalyst 
washcoat used is similar.  The same terahertz wave scanner was used for both substrates, 
with hardware and software changes made to accommodate the different sizes. 
 Engine and Dynamometer 3.1.
Two engines were used in this research.  As a result two different lab setups had to be 
used.  The engine that was used for the Phase 1 research was a 2010 Cummins ISB rated 
at 224 kW.  The engine that was used for the Phase 2 research was a 2007 Cummins ISL 
rated at 272 kW.  The specifications for both engines are given in Table 3.1.  Cummins 
provided proprietary software that could be used to control various parameters of the 
engines as well as enable them for lab use.  The throttle command for the engine was 
controlled using a potentiometer or a command in the software.     
Table 3.1: Engine Specifications 
Model Cummins ISB 224 kW (300 HP) 
Cummins ISL 272 kW 
(365 HP) 
Year of 
Manufacture 2010 2007 
Cylinders Inline 6 Inline 6 
Bore & Stroke 107 x 124 mm 114 x 144.5 
Displacement 6.7 L 8.9 L 
Aspiration Turbocharged Turbocharged 
Aftercooling Cummins Charge Air Cooler 
Cummins Charge Air 
Cooler 
Turbocharger Holset Variable Geometry Turbine 
Holset Variable 
Geometry Turbine 
Rated Power 224 kW @ 2600 RPM 272 kW @ 2100 RPM 
Peak Torque 896 Nm @ 1600 RPM 1695 @ 1400 RPM 
EGR system Electronically Controlled and Cooled 
Electronically Controlled 
and Cooled 
                                                 
1 Parts of the material contained in this chapter have been submitted, or are being considered for 
submission, to SAE International for publication consideration. 
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A wet gap Eddy current dynamometer was used to control the speed and load of the 
engine.  The dynamometer was manufactured by Dynamatic and had a peak power rating 
of 373 kW.  The entire specifications for the dynamometer are given in Table 3.2.  The 
dynamometer was controlled using a Digalog 1022A controller. 
 
Table 3.2: Dynamometer Specifications 
Manufacturer Dynamatic 
Model Number AD8121 
Max Power (kW) 373 @ 1750 - 7000 RPM 
Max Torque (Nm) 2035 @ 1750 RPM 
Inertia (kg-m2) 1.56 
Construction Wet Gap 
 
 
The two different engines that were used in this study resulted in two different lab setups.  
The lab setup for the Cummins ISB is given in Figure 3.1, and the lab setup for the 
Cummins ISL is given in Figure 3.2.  Both figures also show two exhaust paths that are 
controlled through the use of pneumatic valves.  The “Trapline” exhaust path consists of 
the aftertreatment system and is the path that is used when tests are taking place.  The 
“Baseline” exhaust path bypasses the aftertreatment system and allows a test to be started 
and stopped at specific points in time.  When a test needs to be started, the valve for the 
“Trapline” is opened and the “Baseline” is closed.  When a test needs to be stopped, the 
“Baseline” is opened and the “Trapline” is closed.  The “Baseline” also allows the engine 
to be warmed up without changing the PM loading in the substrate.  The exhaust system 
has a vacuum of approximately 0.5 kPa applied during testing. 
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Figure 3.1: Cummins ISB Lab Setup 
 
 
Figure 3.2: Cummins ISL Lab Setup 
 Fuel Properties 3.2.
All of the tests that were conducted on the ISL and ISB engines used ultra-low sulfur 
diesel fuel (ULSD) as the fuel.  Table 3.3 summarizes the properties for the USLD used.    
All metal content in the fuel was found to be less than 1 ppm.  The fuel testing was 
completed by Cummins. 
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Table 3.3: ULSD Properties 
Higher Heating Value (MJ/kg) 45.68 
Lower Heating Value (MJ/kg) 42.89 
Cetane Index 46.9 
Viscosity @ 40 °C (cSt) 3.009 
API (Gravity) 35.2 
Specific Gravity 0.85 
Sulfur (ppm) 6 
Water (ppm) 57 
Initial Boiling Point (°C) 181 
Final Boiling Point (°C) 359 
 Aftertreatment System 3.3.
The Cummins ISL and ISB engines used two different sized aftertreatment systems.  
Both systems consisted of 2010 components for this study.  The specifications for the 
aftertreatment system for both engines are provided in Table 3.4.  The 2010 ISB engine 
does have an SCR system after the CPF, but those specifications are not provided here 
since it is not the focus of this work.  The dimensions provided for the diameter and 
length of the substrates are nominal values, with the actual values varying within        
±0.5 mm.  Two different CPF substrates were used with the ISB engine and four CPF 
substrates were used with the ISL engine.   
Table 3.4: Aftertreatment Specifications 
ISB ISL 
DOC CPF DOC CPF 
Model Year 2010 2010 2010 2010 
Material Cordierite Cordierite Cordierite Cordierite 
Diameter (mm) 229 229 267 267 
Length (mm) 102 280 102 305 
Cell Geometry Square Square Square Square 
Total Volume (L) 4.2 11.5 5.7 17.0 
Cell Density (cells/mm2) 0.62 0.31 0.62 0.31 
Cell Width (mm) 1.17 1.49 1.17 1.49 
Filtration Area (m2) N/A 10.62 N/A 15.72 
Open Frontal Area (mm2) 34747 14151 47520 19243 
Channel Wall Thickness (mm) 0.10 0.30 0.11 0.30 
Wall density (g/cm3) 1.2 1.2 1.2 1.2 
Porosity 35% 52% 35% 52% 
Mean Pore Size (µm) N/A 15 N/A 13 
Number of inlet cells 25453 6363 34714 8653 
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In section 2.3 it was mentioned that the terahertz waves would not pass through the can 
that contains the substrate.  Due to this, removable cans were designed that opened like a 
clamshell.  The designed can had a flange along one side that used seven bolts to hold it 
closed.  Inside of the can, a sleeve of sheet metal was used as the sealing element against 
the matting that is designed to hold and seal the substrate inside the can.  The cans that 
were used for the ISB and ISL substrates are shown in Figures 3.3 and 3.4, respectively.  
Figures 3.3a and 3.4a show the can in the open position, and Figures 3.3b and 3.4b show 
the can as it is during testing.  The cans were manufactured by Cole Technologies in 
Columbus, IN.  Both the ISB and ISL aftertreatment systems were designed to allow for 
emissions, temperature, and pressure drop measurements.  The pressure drop 
measurements were taken across the DOC and CPF.  The filtration efficiencies of the 
CPFs canned in the removable cans and the production components were compared to 
verify that the removable cans would produce similar results.  The procedure used to can 
the CPF is given in Appendix A. 
 
Figure 3.3: Removable Can for the ISB Substrates 
 
Figure 3.4: Removable Can for the ISL Substrates 
 Test Cell Instrumentation 3.4.
This section describes in detail the equipment and instruments used to take experimental 
measurements.  The measurements include engine intake air flow rate and properties, fuel 
flow rate, pressures, temperatures, gaseous emissions, PM concentration, PM retained, 
and PM particle size distribution (PSD).  Figures 3.1 and 3.2 show the location and use of 
a majority of the instrumentation.  The data that is collected with these instruments is 
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used to ensure the repeatability of test conditions, perform data analysis on the tests 
conducted, and assists in the development and calibration of models. 
3.4.1. Data Acquisition System 
Data acquisition was accomplished with a variety of programs.  The proprietary 
Cummins software had a data logging feature, which was used to record various engine 
parameters.  The emissions measurement instruments, scanning mobility particle sizer 
(SMPS) instruments, and a few of the additional sensors used in the lab had their own 
software which was used for data collection.  The majority of the data, however, was 
collected using a LabVIEW program that was specifically designed for the MTU test cell.  
The LabVIEW program collected data from two National Instruments (NI) cDAQ-9178 
chassis, one NI USB CAN-8473, and a specially built RS-485 driver.  The two NI chassis 
used 10 modules for the inputs and output.  The details of the 10 modules are listed in 
Table 3.5. 
Table 3.5: NI DAQ Modules 
Module No. of Channels Quantity Measurement 
NI 9263 4 1 Analog Output 
NI 9237 4 1 Wheatstone Bridge Analog Voltage Input 
NI 9239 4 2 Analog Input Module 
NI 9472 8 1 24V Logic, Digital Output 
NI 9213 16 4 T/C Module 
NI 9401 8 1 TTL Digital Input/Output Module 
3.4.2. Measurement of Engine Intake Air 
The flow rate of air into the engines was measured using a Meriam Instruments laminar 
flow element (LFE), model number 50MC2-06F.  The flow rate through the LFE is 
calculated based on the pressure drop that occurs through a laminar section of the 
instrument.  The specifications for the pressure sensor used for this measurement will be 
presented in section 3.4.4.  The accuracy of the calibration is 0.72-0.86% of the reading 
and the repeatability is 0.10%.  The LFE is equipped with temperature, relative humidity, 
and barometric pressure sensors.  The temperature and relative humidity of the air is 
measured using an Omega Engineering HX94V.  The range of the temperature 
measurement is 0-100 °C, with an accuracy of ±0.6% and a repeatability of ±0.3 °C.  The 
range of the relative humidity measurement is 3-95%, with an accuracy of ±2% and a 
repeatability of ±1%.  More information on the barometric pressure sensor will be 
presented in section 3.4.4, with the rest of the pressure sensors. 
3.4.3. Fuel Flow Rate Measurements 
Fuel flow rate into the engine was measured with two different systems.  The fuel flow 
rate was measured using an AVL 703G fuel balance system for all the tests conducted on 
the ISB engine and one of the tests conducted on the ISL engine.  After the first test on 
the ISL engine was complete, the fuel system was updated and a Coriolis fuel system was 
installed.  The system installed was a Micro-Motion Coriolis flow meter and transmitter 
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with part numbers CMFS015M319N2BAECZZ and 2700R12ABAEZCZ, respectively.  
The transmitter was set to output the measurements, using RS-485 communication, to the 
developed LabVIEW program.   The maximum range on the accuracy was stated to be 
±1.667% of the flow rate, but that decreases to 0.10% for flow rates above 0.17 kg/min.  
The ISL engine typically used more than 0.17 kg/min of fuel for the engine conditions 
tested.  Additionally, the Coriolis system measures the density of the fuel within ±0.02 
kg/m3.  The Coriolis fuel measurement system had to be developed from a variety of 
components, all of which are shown in the schematic in Figure 3.5.  The components 
were selected based on conversations with Rob Kost of CNH America, LLC. who had 
recently developed a similar system [33]. 
  
Figure 3.5: Coriolis Fuel System 
Based on work discussed in [33]. 
3.4.4. Pressure Transducers 
Five pressure sensors were used in this research.  The pressure sensors were used to 
measure the barometric pressure, the pressure drop across the LFE, the pressure drop 
across the DOC, the pressure drop across the CPF, and the pressure drop across the SCR.  
The barometric pressure sensor measures the absolute pressure in the test cell during 
tests, which is used in the air flow rate calculations.  The ΔP LFE sensor is used to 
measure the flow rate of air through the LFE.  Its value is the main parameter in the air 
flow rate calculation.  The ΔP DOC sensor is mostly used as an indicator of a 
phenomenon known as face plugging.  If the face of the DOC is plugged during testing 
with HCs and PM, the pressure drop across the DOC will increase, indicating that there is 
a problem.  The ΔP CPF is used for two purposes.  During testing, the ΔP CPF provides 
an indication of the loading in the CPF.  Loading a CPF to a similar ΔP provides 
repeatable mass retained measurements between tests.  The ΔP CPF is also used in the 
calibration of the MTU 1D CPF model.  Although it was not used in this study, the 
Existing 
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Tank
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Tank Level 
Controller (x2): 
Max Machinery 
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Heat 
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Return 
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Pressure 
Regulator 
(15 psi): 
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A2000 13212
Coriolis Meter: 
CMFS015M319N2BAECZZ
2700R12ABAEZCZ
Fuel Pump: Haight Pump HGT1U, ¾” NPT 
ports, Viton Mech. seal, CW rotation, L70 
couplings, Z56RO bracket, 1/3 HP, 1Ph, 1800rpm, 
TEFC, C-face w/base
Fuel 
Filter: 
FS1242B
3833198 S
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pressure drop across the SCR, as measured by the ΔP SCR sensor, could be used to 
calculate the absolute pressure in the exhaust system for the ISB engine, so it will be 
included in this discussion.  The specifications of the pressure sensors used are given in 
Table 3.6. 
Table 3.6: Pressure Sensor Specifications 
 
Barometric 
Pressure ΔP LFE ΔP DOC ΔP CPF ΔP SCR 
Sensor 
Brand 
Omega 
Engineering Sensotec Sensotec Sensotec 
Omega 
Engineering
Model 
Number 
PX419-
26B5V 
060-0882-
28ZD 
060-0882-
07ZD 
060-0882-
15ZD 
PX409C-
2.5DWU5V
Sensor Type Absolute Differential Differential Differential Differential 
Range 26.00-32.00 0.00 - 3.44 0.00 - 13.79 0.00 - 68.95 0.00 - 17.24
Units in. Hg kPa kPa kPa kPa 
Accuracy 
±0.08% 
±0.25% FS ±0.25% FS ±0.25% FS ±0.25% FS 
Linearity ±0.15% FS ±0.15% FS ±0.15% FS ±0.15% FS 
Hysteresis ±0.10% FS ±0.10% FS ±0.10% FS ±0.10% FS 
Repeatability ±0.05% FS ±0.05% FS ±0.05% FS ±0.05% FS 
 
3.4.5. Temperature Measurements 
Thermocouples were used throughout the MTU test cell for this research, a majority of 
which were type K.  The ISL engine used type E thermocouples for some of the on- 
engine measurements.  The complete list of different thermocouples used is provided in 
Table 3.7.  The 3.175 mm diameter thermocouples where used to measure temperatures 
throughout the test cell, including the ISL and ISB engine, the exhaust lines, and the PM 
sampling system.  The 0.813 mm diameter thermocouples were inserted into the outlet 
channels of the CPF.  These thermocouples measured the gas temperature inside the CPF 
at seven radial and four axial locations.    The thermocouple layouts used for the CPF on 
the ISB and ISL engine are provided in Figures 3.6 and 3.7, respectively.  The 
dimensions used in Figures 3.6 and 3.7 are millimeters and each thermocouple location is 
marked by an identifier.  In Figure 3.7, the parenthesis after each identifier is the length 
of the thermocouple used, in inches since that is how the thermocouples were ordered.   
For reference 12 inches is 304.8 mm, 18 inches is 457.2 mm, and 24 inches is 609.6 mm.  
The 0.510 mm diameter thermocouples were inserted into the DOC to measure the 
internal temperatures at different axial and radial locations.  
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Table 3.7: Thermocouples Used in the MTU Test Cell 
Manufacturer Diameter (mm) 
Length 
(mm) Type Part Number Accuracy
Watlow 
0.510 304.8 K G554558 
±2.2 °C 
0.510 431.8 K G563304 
3.175 152.4 K G563302 
Omega 
Engineering 
0.510 457.2 K KMQSS-020U-18 
0.813 304.8 K KMQSS-032U-12 
0.813 457.2 K KMQSS-032U-18 
0.813 609.6 K KMQSS-032U-24 
3.175 152.4 K KMQSS-125U-6 
3.175 304.8 K KMQSS-125U-12 
3.175 152.4 E TJ36-CXSS-18U-6-CC-XSIB ±1.7 °C 
3.175 304.8 E EMTSS-125U-12 
 
 
Figure 3.6: ISB CPF Thermocouple Layout 
Adapted from CPF Layout Developed by Chris Hutton 
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Figure 3.7: ISL CPF Thermocouple Layout 
3.4.6. Gaseous Emissions Measurements 
The gaseous emissions were measured upstream of the DOC (UDOC), downstream of the 
DOC (DDOC), and downstream of the CPF (DCPF).  This is shown by the sample lines 
in Figures 3.1 and 3.2.  Two instruments were used to measure the gaseous emissions: a 
Pierburg AMA4000 and a V & F Analyse- und Messtechnik GmbH AirSense Ion 
Molecule Reaction Mass Spectrometer (IMR-MS). The list of calibration gases used to 
calibrate the emissions instruments is provided in Table 3.8.  Both the AMA4000 and 
IMR-MS were calibrated each day before use.  The AMA4000 was used to measure 
oxygen (O2), carbon monoxide (CO), carbon dioxide (CO2), total nitrogen oxides (NOX), 
nitric oxide (NO), and total hydrocarbons (THC).  The specifications for the AMA4000 
are given in Table 3.9.  The IMR-MS was used to measure nitrogen dioxide (NO2), NO, 
and O2.  The NOX measurement for the IMR-MS is completed by adding the NO2 and 
NO measurements.  The specifications for the IMR-MS are provided in Table 3.10.  The 
NOX measurements from the AMA4000 and IMR-MS were compared to determine how 
similar the two measurements were.  When both instruments were working properly, the 
IMR-MS NOX measurement was 10-20 ppm, or 5-10%, lower than the AMA4000.  
Table 3.8: Calibration Gases 
Gas Concentration 
O2 (%) 
12.94 
20.90 
CO (ppm) 299.70 
CO2 (%) 14.11 
NO (ppm) 500.00 
CH3 (ppm) 
30.12 
1399.00 
NO2 (ppm) 99.05 
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Table 3.9: Specifications for the AMA4000 
O2 CO CO2 NOx NO THC 
 Range    0 - 25%   0 - 5000 ppm  0 - 20%  
0 -10,000 
ppm 
0 -20,000 
ppm C3 
Detection 
Limit   15 ppm 125 ppb 15 ppm 35 ppb 30 ppb C3
 Accuracy   Not Available 
 
Repeatability  
  ≤ 0.5 % of 
the Measured 
Value + 2x 
Detection 
Limit  
  ≤ 0.5 % 
of the 
Measured 
Value + 
2x 
Detection 
Limit  
  ≤ 0.5 % 
of the 
Measured 
Value + 
2x 
Detection 
Limit  
  ≤ 0.3 % of 
the 
Measured 
Value + 2x 
Detection 
Limit  
  ≤ 0.5 % 
of the 
Measured 
Value + 
2x 
Detection 
Limit  
Noise 
≤ 1.0 % of 
the Measured 
Value + 2x 
Detection 
Limit 
≤ 1.0 % of 
the 
Measured 
Value + 
3x 
Detection 
Limit 
≤ 1.0 % 
of the 
Measured 
Value + 
2x 
Detection 
Limit 
≤ 1.0 % of 
the 
Measured 
Value + 2x 
Detection 
Limit 
≤ 1.0 % 
of the 
Measured 
Value + 
2x 
Detection 
Limit 
Analyzer 
Type Paramagnetic IRD IRD CLD CLD FID 
Measurement 
Type Dry Dry Dry Wet Wet Wet 
 
Table 3.10: IMR-MS Specifications 
Mass Range 0 - 500 amu 
Resolution < 1 amu 
Lower Detection Limit 
< 1 ppb (Benzene in Air) 
< 10 ppb (Benzene in Exhaust 
Gas) 
Drift Concentration < ± 5% over 12 Hours 
Reproducibility < ± 3% 
Accuracy < ± 2% 
Max Humidity 80% 
Measurement Type Wet 
Analysis Time 10-6500 msec/amu 
Response Time T90 < 50 msec 
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3.4.7. PM Concentration 
The PM concentration in the exhaust was measured using the MTU Hot Sampling 
Method.  This method consists of sampling hot, undiluted, exhaust through a 47 mm 
glass fiber filter using a stack sampler.  The 47 mm filters used in this work were Pall 
Corporation 61631 filters.  The stack sampler used was an Andersen Instruments Inc. 
Manual Sampling Train (MST). Details on the design of the sample probe used can be 
found in reference [34].  After the exhaust sample passes through the 47 mm filter, it is 
pulled through two impingers that contain desiccant and are placed in a water bath to help 
cool and dry the sample.  After the impingers, the sample passes through a vacuum pump, 
a dry gas meter, and a flow orifice.  The MST uses a dry gas meter to measure the 
cumulative volume of exhaust that is sampled.  The 47 mm filters are weighed before and 
after sampling to determine the amount of PM retained on the filter.  The readings of the 
dry gas meter are recorded before and after sampling to determine the total volume of gas 
that was sampled.  The volume measurement is corrected to standard conditions based on 
the temperature and pressure of the gas inside the dry gas meter.  The concentration of 
the PM is calculated using Eq. 3.1. 
 ܲܯ௖௢௡௖ =
݉௘௡ௗ − ݉௦௧௔௥௧
∆ ௦ܸ௧ௗ  Eq. 3.1 
In Eq. 3.1, ݉௘௡ௗ is the mass of the filter after testing, ݉௦௧௔௥௧ is the mass of the filter 
before testing, ∆ ௦ܸ௧ௗ is the standard volume of the sample that was taken, and is 
calculated using Eq. 3.2. 
 ∆ ௦ܸ௧ௗ = ( ௘ܸ௡ௗ − ௦ܸ௧௔௥௧) ൬ ௦ܶ௧ௗ௦ܲ௧ௗ൰ ቆ
௔ܲ௖௧
௔ܶ௩௚
ቇ Eq. 3.2 
In Eq. 3.2, ௘ܸ௡ௗ is the reading from the dry gas meter at the end of the sample, ௦ܸ௧௔௥௧ is 
the reading from the dry gas meter at the start of the sample, ௦ܶ௧ௗ is the standard 
temperature, ௦ܲ௧ௗ is the standard pressure, ௔ܲ௖௧ is the actual measured pressure, and ௔ܶ௩௚ 
is the average measured temperature inside the dry gas meter.  For this research a value 
of 100 kPa was used for ௦ܲ௧ௗ, and a value of 298.15 K was used for ௦ܶ௧ௗ. 
The mass of the filters was determined using a Mettler Toledo UMT2 scale.  The 
specifications for the UMT2 are given in Table 3.11.  Prior to any mass measurements on 
the filters, they are baked at 316 °C for 15 minutes to remove any volatile compounds.  
The filters are then allowed to stabilize in a clean environment for a minimum of 24 
hours and then the initial weights are taken.  Each filter is weighed three times to get the 
average weight.  After PM sampling has been completed on the filters they are stored in a 
box containing desiccant to prevent moisture absorption by sulfates that may be in the 
PM sample.  Sulfates are hygroscopic, so an effort needs to be made to limit the amount 
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of moisture to which they are exposed [34].  The desiccant in the box provides a “dry” 
ambient condition to store the filters in until all sampling is done for a particular test.  
Once all of the PM samples have been collected for a particular test, the samples are 
treated with ammonium hydroxide for at least one hour to prevent additional moisture 
absorption by the sulfate content in the PM samples by converting any sulfates on 47 mm 
filters to ammonium sulfate.  Lakkireddy, in reference [34], states that ammonium sulfate 
is less hygroscopic and describes the procedure for treating the 47 mm filters with 
ammonium hydroxide.  The filters are then placed back in the clean environment for a 
minimum of 24 hours before being weighed again.  Each filter is weighed three times 
again.  The filters are stored in Millipore PDMA04700 plastic filter holders when they 
are not being used for sampling or being weighed.  Additional information on the MTU 
sampling method can be found in references [34, 35]. 
Table 3.11: 47 mm Filter Scale Specifications 
Manufacturer Mettler Toledo GmbH 
Model UMT2 
Capacity 2100 mg 
Resolution 0.1 μg 
Repeatability 0.25 μg 
Linearity ± 0.5 μg 
 
The PM concentration in the exhaust is measured UDOC and DCPF.  The UDOC 
samples were collected for five to ten minutes and the DCPF samples were collected for 
30 to 60 minutes.  The UDOC measurements are used as inputs to the MTU 1D CPF 
model. The DCPF measurement is used to determine the filtration efficiency of the CPF, 
which is also an input to the MTU 1D CPF model.  The filtration efficiency is determined 
using Eq. 3.3.  In Eq. 3.3, ܲܯ௎஽ை஼ is the PM concentration measured UDOC and 
ܲܯ஽஼௉ி is the PM concentration measured DCPF. 
 ߟ஼௉ி = ൬
ܲܯ௎஽ை஼ − ܲܯ஽஼௉ி
ܲܯ௎஽ை஼ ൰ × 100 Eq. 3.3 
3.4.8. PM Retained Measurements 
The mass of the PM retained in the CPF is determined by weighing the CPF before, 
during, and after testing.  The weight of the CPF is measured after a cleanout and the 
loading, oxidation, and post loading stages that occur during testing.  The procedure used 
to weigh the substrate at the different stages in the testing can be found in Appendix B.  
All of the procedures involve weighing the CPF when it is hot.  Austin, in reference [36], 
found that the temperature the CPF was weighed at had a significant impact on the 
measurement.  Due to this, Hutton, in reference [3], recommended that the internal 
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temperature of the CPF does not vary more than ±15 °C for CPF weights taken at 
different points in the test procedure.  The mass of the substrate was measured at MTU 
using an Ohaus Ranger scale.  The specifications for the scale are in Table 3.12.  The 
mass of the substrate was measured at Cummins using an A&D Company, LTD GP-30K 
scale.  The specifications for that scale are given in Table 3.13. 
Table 3.12: MTU CPF Scale Specifications 
Manufacturer Ohaus 
Model Ranger RD35LM 
Capacity 35,000 g 
Resolution 0.1 g 
Repeatability ± 0.1 g 
Linearity ± 0.3 g 
Overall Accuracy ± 0.4 g 
Certified Accuracy ± 1.0 g 
 
Table 3.13: Cummins CPF Scale Specifications 
Manufacturer A&D Company, LTD 
Model GP-30K 
Capacity 31,000 g 
Resolution 0.1 g 
Repeatability ± 0.1 g 
Linearity ± 0.2 g 
Stated Accuracy ±1.5 g 
3.4.9. Particle Size Distribution 
The PSD was measured UDOC, DDOC, and DCPF, as shown in Figures 3.1 and 3.2, 
using the SMPS instruments.  The SMPS consisted of a TSI 3065 thermodenuder, TSI 
3080 electrostatic classifier, and a TSI 3025A ultra-fine condensation particle counter.  
Prior to the exhaust gas going through the SMPS, it was diluted at a ratio of 10:1, using a 
diluter manufactured by MTU, with cleaned, dried, and heated compressed air.  The 
diluter used an Air-Vac TD110H single stage vacuum generator as the source of dilution.  
The dilution ratio was found to be a function of the pressure of the dilution air, the 
exhaust pressure, and the exhaust flow rate [3].  To minimize fluctuations in the dilution 
ratio, the pressure of the compressed air was set to 206.8 kPa.  The dilution ratio was 
measured by sampling the gaseous exhaust emissions before and after dilution and using 
Eq. 3.4.   
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 ܦܴ = ܥ݋݊ܿோ௔௪ܥ݋݊ܿ஽௜௟௨௧௘ௗ 
Eq. 3.4 
In Eq. 3.4, ܦܴ is the dilution ratio, ܥ݋݊ܿோ௔௪ is the raw gaseous emission concentration, 
and ܥ݋݊ܿ஽௜௟௨௧௘ௗ is the diluted gaseous emission concentration.  Either NOX or CO2 was 
used to measure the dilution ratio, with both gases providing similar ratios.  Additional 
information on the setup of the SMPS instruments can be found in reference [3]. 
 Terahertz Wave Scanner 3.5.
An Advantest TAS7000 3D Imaging Analysis System was used to measure the PM 
distribution, as mentioned in section 2.3.  The TAS7000 used in this study was located in 
the Catalyst Technology Lab at the Cummins Technical Center in Columbus, IN and is 
pictured in Figure 3.8.  Since the scanner is not located at MTU, the substrates had to be 
shipped to Cummins for scanning.  The procedure to ship the substrates is given in 
Appendix C.  Prior to the substrates being scanned, they were weighed at Cummins to 
determine the PM loading.  The procedure used to weigh the substrate at Cummins is 
given in Appendix B.  The spatial resolution of the TAS7000 was dependent on the size 
of the substrate being scanned.  The spatial resolution is defined as the volume of the 
sample point for which the PM loading measurement is taken.  For the substrates used on 
with the ISB engine, the spatial resolution was a 4 x 4 x 4.4 mm space.  For the substrates 
used with the ISL engine, the spatial resolution was a 4.5 x 4.5 x 2.4 mm space.  The 
resolutions are different for the two substrates because settings had to be changed within 
the TAS7000 to account for the different substrate size and provide quality data.  The 
most noticeable change is in the number of z sections, or axial sections, produced by the 
TAS7000.  For the ISB substrates 64 axial sections were used, and for the ISL substrates 
125 axial sections were used.  The TAS7000 scans a substrate in six to twenty hours [37].  
The frequency range utilized by the TAS7000 is 400 GHz to 4 THz [38].   
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Figure 3.8: TAS7000 at Cummins  
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Chapter 4. Data Analysis Methodology2 
The data that is produced by the TAS7000 has to be handled in such a way that the final 
results have units and directionality.  In section 2.3 it was mentioned that the TAS7000 
scans a substrate in the radial, r, angular, θ, and axial, z, directions.  During the exporting 
of the data, the TAS7000 converts the r and θ scan locations to a Cartesian coordinate 
system and saves the corresponding data in the rows and columns of a matrix.  Each z 
location, herein referred to as axial sections, has a matrix containing the data for the r and 
θ directions.  The data handling discussed in this section works with the data in this form.  
Originally the TAS7000 had software that would convert the data into the appropriate 
units, but due to a software malfunction, MTU had to develop a new process.  A method 
to quantify the uniformity of the PM distribution had to be developed, which would allow 
for analysis of the of the PM distribution trends beyond the visually observable trends.  
Lastly, since the data is collected using a rotating stage, a method to check for shifts in 
the data was developed.   
 Conversion of Scan Data to Grams per Liter 4.1.
The data that were originally produced by the TAS7000 were calibrated to give the PM 
density in units of grams per liter through software that was developed by Advantest.  A 
summary of the calibration process used is given in reference [28].  The calibration 
consisted of subtracting the baseline data set from the PM loaded data set and setting the 
average attenuation value from the TAS7000 equal to the average PM loading in the 
substrate.  However, due to software issues, that procedure was not used during Phase 2 
of the research.  Instead, a calibration procedure developed at MTU was used to convert 
the raw TAS7000 data to PM density data in units of grams per liter.  That method is 
discussed in the following paragraphs. 
One important difference between the original calibration procedure, which was 
developed by Advantest and the new calibration procedure, which was developed by 
MTU, is the constituent of the PM density that was measured.  The original Advantest 
software measured only the carbonaceous PM density.  The software had the ability to 
distinguish between the carbonaceous PM loading and any ash loading that may have 
taken place in the substrate.  The new PM density calculation method that was developed 
by MTU does not have this capability.  As a result, the TAS7000 data for Phase 2 
measured both the carbonaceous and ash content, and the PM density calculation method 
used the total amount of ash and carbonaceous PM retained in the substrate.  During the 
results section, distinctions will be made when describing PM trends between the 
measurements of just the carbonaceous, or measurements of both the carbonaceous and 
ash content. There may be differences in the resulting distributions, depending on the 
amount of ash content.  The amount of ash in the substrates used during Phase 2 is 
discussed in Appendix G, but it was relatively minor (0.2 g/L) for three of the four 
                                                 
2 Parts of the material contained in this chapter have been submitted, or are being considered for 
submission, to SAE International for publication consideration. 
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substrates used in Phase 2.  The fourth substrate had an ash loading of 0.8 g/L during the 
Phase 2 tests.  Ash loading in the substrate is caused by incombustible material from the 
engine lube oil, metal fragments from engine wear, corrosion in the engine or exhaust, 
and metal content or additives in the fuel [39].   
The new PM density calculation method, as developed by MTU, first subtracts the 
baseline data, taken from the clean substrate, from the loaded data, taken from substrates 
loaded with PM.  It then finds the valid data inside the generic matrix generated by the 
TAS7000.  It is worth noting that the TAS7000 up- samples the data by a factor of two 
prior to the generic matrices being written.  This means that the 4 x 4 x 4.4 mm or 4.5 x 
4.5 x 2.4 mm space discussed in section 3.5 becomes a 2 x 2 x 4.4 mm or 2.25 x 2.25 x 
2.4 mm space.  The data set is then zeroed to minimize the number of negative values in 
the data set.  Negative values have no physical meaning, and are considered noise in the 
measurement.  The zeroing process allows the negative values to become equal to, or 
near, zero.  Zeroing is not applied to data sets where the minimum value is greater than 0, 
since values greater than 0 have a physical meaning.   
The data set is zeroed by finding the lowest data value that is still within a 95th percentile 
range (PR) of the mean of the data.  The 95th PR is defined as the range of the data 
between the values of the 2.5 and 97.5 percentile for the data set.  By only using data that 
is within a 95th PR of the mean, additional measurement noise can be removed from the 
calculation.  The zeroing is completed using the 2.5 percentile values from each axial 
section.  The minimum 2.5 percentile value out of all of the axial sections becomes the 
value used to zero the data set.  Each sample point in the entire substrate is adjusted by 
value of the minimum 2.5 percentile out of all the axial sections.  This process preserves 
relative differences between sample points, while eliminating negative sample points.  
The basic mathematics of this process are shown in Eq. 4.1. 
 ݓ݊(௜,௝,௞) = ݓ݋(௜,௝,௞) − ݓ௠௜௡ Eq. 4.1 
In Eq. 4.1, ݓ݊(௜,௝,௞) is the zeroed data value at coordinates i, j, and k, ݓ݋(௜,௝) is the 
original data value at coordinates i, j, and k, and ݓ௠௜௡ is the minimum 2.5 percentile 
value in the entire substrate. 
After zeroing, the data is then multiplied by the volume of the sample point (∆ݒ).  This is 
the volume of the 2 x 2 x 4.4 mm or 2.25 x 2.25 x 2.4 mm space, 1.76×10-5 or       
1.22×10-5 L respectively.  The data is then summed together to get the total attenuation 
value for the data set.  This is shown by Eq. 4.2. 
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 ݓ௧ = ෍෍෍(ݓ݊(௜,௝,௞) × ∆ݒ)
௠
௜ୀଵ
௡
௝ୀଵ
௢
௞ୀଵ
 Eq. 4.2 
In Eq. 4.2, ݓ௧ is the total attenuation value for the data set, ݓ݊(௜,௝,௞) is the zeroed sample 
point at coordinates i, j, and k, ∆ݒ is the volume of the sample point, m is the number of 
rows being analyzed in the matrix, n is the number of columns being analyzed in the 
matrix, and o is the number of axial sections being analyzed for the substrate.  The total 
attenuation value is proportional to the amount of PM loaded into the substrate, in grams.  
The gain that is used to scale the zeroed data set to the appropriate units is calculated 
using Eq. 4.3. 
 ݃ = ܲܯ௚ݓ௧  
Eq. 4.3 
In Eq. 4.3, ݃ is the gain, ܲܯ௚ is the amount of PM loaded in the substrate in grams, and 
ݓ௧ is the total attenuation value for the substrate.  The gain is then applied to all of the 
zeroed sample points to obtain a calibrated data set in units of grams per liter.   This is 
shown in Eq. 4.4. 
 ݓܿ = ݓ݊ × ݃ Eq. 4.4 
In Eq. 4.4, ݓܿ is the calibrated data set, ݓ݊ is the zeroed data set, and ݃ is the gain used 
to calibrate the data.   
 Conversion of Scan Data to Grams per Surface Area 4.2.
The units of grams per liter are useful for looking at general trends in the PM distribution. 
The PM loading in a substrate can be described by the PM density, PM cake thickness, or 
the PM mass per unit surface area.  Surface area is commonly used in filtration theory, so 
a method to represent the PM distribution in terms of grams per square millimeter was 
developed.  The equation used to convert between grams per liter and grams per square 
millimeter is given as Eq. 4.5. 
 ݓௌ஺ =
ݓܿ × ∆ݒ
ܵܣௗ௣  Eq. 4.5 
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In Eq. 4.5, ݓௌ஺ is the converted data set, ݓܿ is the calibrated data set with units of grams 
per liter, ∆ݒ is the volume of a sample point in liters, and ܵܣௗ௣ is the surface area of the 
sample point, which is given by Eq. 4.6 for the ISB engine and Eq. 4.7 for the ISL 
engine.   
 ܵܣௗ௣ = ቀݖ௦௭൫4(ݔݕ௦௭ − ݓ௧)൯ቁ ൬1 − ߝ
ଶ
ଷ൰ Eq. 4.6 
 ܵܣௗ௣ = ൫ݖ௦௭(8(ݔݕ௦௭ − 2ݓ௧) + 8ܽ)൯ ൬1 − ߝ
ଶ
ଷ൰ Eq. 4.7 
In Eqs. 4.6 and 4.7, ݖ௦௭ is the size of the sample point in the z direction (4.4 or 2.4 mm), 
ݔݕ௦௭ is the size of the sample point in the x and y direction (2 or 2.25 mm), ݓ௧ is the 
channel wall thickness, ܽ is the channel width, and ߝ is the porosity of the substrate.  
Since it is unknown where the sample point would be located within the substrate at the 
time of the scan, the exact surface area of the sample point is unknown.  Therefore, the 
maximum amount of surface area that could exist in one sample point is calculated using 
Eqs. 4.6 and 4.7.  For the grams per surface area calculations to be accurate, the location 
of each sample point, with reference to the channels of the substrate, would be needed.   
Having the ability to analyze data with units of grams per surface area is advantageous 
because it allows for the comparison of filters with different properties, since different 
properties could have an impact on the PM distribution trends.  Those properties include 
channel width, wall thickness, channel density.  As cell density increases, for example, 
the surface area of the substrate will increase and the PM cake thickness will decrease.  
For reference, the surface area for the entire substrate is given by Eq. 4.8.   
 
ܵܣ௙ =
1
2ߩ஼ ቆ
ߨܦଶ
4 ቇ ቈ[4(ܽ − 2ݓ௖௔௧)(ܮௌ − (ܮ௉ + ݓ௖௔௧))
+ (ܽ − 2ݓ௖௔௧)ଶ)] ൬1 − ߝ
ଶ
ଷ൰቉ 
Eq. 4.8 
In Eq. 4.8, ܵܣ௙ is the surface area of the substrate, ߩ஼ is the channel density, ܦ is the 
substrate diameter, ܽ is the channel width, ݓ௖௔௧ is the thickness of the washcoat, ܮௌ is the 
length of the substrate, ܮ௉ is the length of the channel plugs, and ߝ is the substrate 
porosity.  The channel density is defined as the number of channels per unit area and is 
given by Eq. 4.9. 
 41 
 
 ߩ௖ =
1
(ܽ + ݓ௧)ଶ 
Eq. 4.9 
In Eq. 4.9, ߩ௖ is the channel density, ܽ is the channel width, and ݓ௧ is the substrate wall 
thickness. 
 Development of Directionality 4.3.
Regardless of the units used with the data, the data needs to be organized in such a way 
that it can be processed in specific directions.  The directions of interest are the axial, 
radial, and angular.  The data produced by the TAS7000 is in standard matrix form, as 
discussed in the first paragraph of this chapter, so the only directionality produced by the 
TAS7000 is in the axial direction through the axial sections.  The TAS7000 was set to 
produce 64 axial sections for the ISB substrates and 125 axial sections for the ISL 
substrates.  To obtain the radial and angular directionality, a method of grouping the data 
was developed. 
The data in each axial section were divided into four radial sections and seventy two 5° 
angular increments.  The sample points that exist in one angular increment and one radial 
section are averaged together to form one analysis point.  Grouping the data in this form 
produced 288 analysis points in each axial section.  The axial sections allow for data 
analysis in the z direction, the radial sections allow for analysis in the r direction, and the 
angular increments allow for analysis in the θ direction.  In order to discuss general data 
trends, the 72 angular increments were grouped into four quadrants, with each quadrant 
containing 18 angular increments.  The substrate was also divided into 4 axial segments, 
each one containing 16 axial sections for the ISB substrates or 31-32 axial sections for 
the ISL substrates.  The axial sections, axial segments, radial sections, angular 
increments, and quadrants are collectively known as regions.  The data analysis that is 
discussed in sections 4.4 and 4.5 is performed within these developed regions. 
An example of the data grouping that takes place in each axial section is provided in 
Figure 4.1.  The positive r direction is indicated by the solid blue arrow and the positive θ 
direction is indicated by the white arrow with the blue outline.  When discussing PM 
distribution trends in the angular directions, the variable Θ will be used to identify the 
angle of rotation.  It follows the θ plane defined by the white arrow with the blue outline.  
The radial sections are shown by the red lines and the corresponding dimensions are 
given in the red text.  The dimensions used for the ISL and ISB substrates are provided.  
An example of an angular increment is given as the area between the two solid black 
lines.  The divisions used for the quadrants are given by the green lines, and the 
corresponding angles are given in the green text. 
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Figure 4.1: Axial Section Data Grouping 
Since two different size substrates are used, data can be represented by normalized units 
for the radius and length, R* and Z* respectively.  The equation for R* is given as Eq. 
4.10.  The equation for Z* is given as Eq. 4.11. 
 ܴ∗ = ܴ݈ܽ݀݅ܽ ܦ݅ݏݐܽ݊ܿ݁ ݂ݎ݋݉ ܥ݁݊ݐ݁ݎ݈ܴ݅݊݁ܽ݀݅ݑݏ ݋݂ ݐℎ݁ ܵݑܾݏݐݎܽݐ݁  Eq. 4.10 
 ܼ∗ = ܦ݅ݏݐܽ݊ܿ݁ ݂ݎ݋݉ ܫ݈݊݁ݐܶ݋ݐ݈ܽ ܣݔ݈݅ܽ ܮ݁݊݃ݐℎ  Eq. 4.11 
The radial sections and the corresponding R* values are shown in Figure 4.2.  The value 
of R* is shown to approach 1 as the distance from the centerline increases.  Figure 4.3 
shows that Z* approaches 1 as the value of z increases, where z	is the distance from the 
inlet of the substrate.  Figure 4.3 also shows the divisions used to generate the axial 
segments as the vertical solid blue lines. The ranges for the axial segments are provided 
in the blue text. 
Z* = 0.128
1. ISL: 0-134 mm
ISB: 0-114 mm
2. ISL: 134-189 mm
ISB: 114-161 mm
4. ISL: 231-267 mm
ISB: 197-228 mm
3. ISL: 189-231 mm
ISB: 161-197 mm
0°
90°
180°
270°
θr
1. 0-90°2. 90-180°
3. 180-270° 4. 270-360°
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Figure 4.2: R* Values for the Radial Sections 
 
Figure 4.3: Z* Values and Axial Segments 
 Uniformity Index 4.4.
An analysis method was developed that quantifies the PM distribution.  That method 
utilizes a parameter known as the uniformity index (UI).  The UI is traditionally used in 
fluid dynamics to describe the uniformity of fluid flow.  Tao, et al. present two traditional 
UI equations, equations 5 and 6, in reference [40].  Both of these equations were designed 
to work in 2D and would not work with the 3D data produced by the TAS7000.  A new 
UI equation was developed, based on equation 6 presented in reference [40].  Equation 6 
was selected because it was shown to be more sensitive to variation, both in reference 
[40] and during the initial development of the new UI equation.  Additionally, Stratakis, 
et al. used a similar equation to describe the distribution uniformity of 2D PM 
distribution data in reference [23].   
The UI quantifies the amount of variation in the average PM density in a specific area in 
the substrate.  An analysis area is defined as a collection of analysis points in one specific 
direction inside the region being analyzed for the PM distribution.  The value is 
Z* = 0.128
1. R* = 0.00 – 0.50
2. R* = 0.50 – 0.71 
4. R* = 0.86 – 1.00
3. R* = 0.71 – 0.86 
0°
90°
180°
270°
Inlet
0.25 0.50 0.75
z
1.00Z*=0.00
1 2 3 4
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normalized so that the valid range is 0 to 1.  A value of 1 indicates a uniform PM 
distribution.  The developed UI equation is given in Eq. 4.12. 
 ܷܫ = 1 − ቀߪݓഥቁ Eq. 4.12 
In Eq. 4.12, ߪ is the standard deviation, and ݓഥ  is the PM density in the substrate at the 
completion of the loading stage of the test.  (The different stages of the tests are presented 
in Chapter 5.)  The value of ݓഥ  was set to the overall average PM density in the substrate 
at the completion of the loading stage to allow for loading, passive oxidation, and active 
regeneration tests to be compared.  It was determined through sensitivity analysis that if 
the value of ݓഥ  varied by ±0.8 g/L, the UI varies by ±4%.  The overall PM density in the 
substrate after passive oxidation or active regeneration tests were completed was 2-4 g/L 
lower than at the completion of loading.  Therefore, if the overall PM density in the 
substrate at the time the substrate was scanned was used, it would be difficult to compare 
the data from the three different test conditions.  The overall PM density at the 
completion of the loading portion of the tests that were conducted is similar since the 
tests were designed to load the substrate with the same amount of PM. The equation used 
to calculate ߪ is given as Eq. 4.13. 
 ߪ = ඨ
∑ [∑ (ݓ௜ − ݓ௟തതത)ଶ௡௜ୀଵ ]௝௡ೞ௝ୀଵ
݊௧  
Eq. 4.13 
In Eq. 4.13, ݓ௜ is the value of one analysis point inside the analysis area being analyzed,  
ݓ௟തതത is the average value of the ݓ௜ values in the analysis area, ݊ is the number of analysis 
points in the analysis area, ݊௦ is the number of analysis areas in a region, and ݊௧ is the 
total number of analysis points used.  The value of ݊௧ is calculated using Eq. 4.14. 
 ݊௧ = (݊)(݊௦) Eq. 4.14 
The developed UI is capable of performing 3D uniformity calculations through the use of 
the double summation and changing the number of analysis areas used.  The double 
summations also allow directionality to be maintained, since each analysis point is 
compared to the average value in a specific direction.  This also allows for a large area to 
be analyzed without averaging the data over the large area and decreasing the sensitivity 
of the UI.  The direction that the UI is calculated for is dependent on the direction of the 
ݓ௟തതത value, which will be discussed further in section 4.5.   
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 Quantifying PM Distribution 4.5.
The PM distribution is quantified in the axial, radial, and angular directions, using the 
regions developed in section 4.3.  The PM distribution is quantified numerically through 
the use of the average PM density, 95th PR of the density, and the UI that was developed 
in section 4.4.  The average PM density shows the trends in the PM distribution.  The 95th 
PR shows the amount of variation that exists in the data that is used to calculate the 
average PM density.  The UI is a measure of the consistency in the average PM density.  
All three parameters are needed to fully understand the PM distribution.   
The PM distribution can be quantified using the UI three different ways: an individual 
value, a regional value, or an overall value.  The individual value provides the UI for one 
analysis point in one axial section, one radial section, and one angular increment.  It is 
most useful when generating plots of the data and analyzing trends.  The regional UI 
value is calculated using the analysis points in the four axial segments, four radial 
sections, and four quadrants.  The regional value is most useful when looking for general 
data trends that occur for the entire substrate.  The overall UI value generates one axial, 
one radial, and one angular UI for the entire substrate.  These values are useful for 
making comparisons between PM distribution trends that result from loading, passive 
oxidation, active regeneration, and post loading test conditions.  The process for 
calculating the UI does not change between the individual, regional, and overall values.  
The number of analysis areas used in the calculations is the only difference.  The average 
PM density and 95th PR can be calculated as individual, regional, or overall values as 
well by using the same analysis areas as the UI calculations.   
The different directions that the UI can be calculated are summarized in Figure 4.4.  The 
four axial segments, four radial sections, and four quadrants are each numbered in a 
unique color.  The arrows in Figure 4.4 indicate the direction that the UI calculations are 
performed and are color coded to match the regions for which that calculation is 
performed.  The axial UI is calculated using the axial sections, which make up the axial 
segments.  The radial UI is calculated using the angular increments, which make up the 
quadrants.  The angular UI is calculated using the radial sections.  More details on how 
the UI calculations are performed are given in the following paragraphs. 
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Figure 4.4: UI Calculation Directions 
The axial UI is always calculated using the average PM density over the entire substrate, 
either in one radial section or as a whole, for the value of ݓ௟തതത.  The average PM density in 
the entire substrate and one radial section in the entire substrate are taken as the axial 
average PM density.  The axial sections that are located within the inlet and outlet areas 
of the substrate that contain channel plugs are excluded from the UI and average PM 
density calculations.  This is because there is an increase in the error in those areas due to 
the way the substrate is scanned and analyzed for PM loading.  For this reason, only the 
data between Z* values of 0.05 and 0.97 for the ISB substrates and 0.05 and 0.96 for the 
ISL substrates are used in the axial UI calculation.  There are four analysis areas that are 
used when calculating the axial UI: 1) one radial section in one axial section, 2) one 
radial section in one axial segment, 3) one radial section over the entire substrate, or 4) 
the entire substrate. 
The radial UI is always calculated using the average PM density in one angular increment 
for the value of ݓ௟തതത, regardless of the analysis area.  An example of an angular increment 
is provided in Figure 4.1 as the area between the two solid black lines.  There are five 
analysis areas that are used in the radial UI calculation: 1) one angular increment in one 
axial section, 2) each angular increment in one axial section, 3) each angular increment in 
one quadrant in one axial segment, 4) each angular increment in one quadrant over the 
entire substrate, 5) each angular increment in the entire substrate. 
The angular UI is always calculated using the average PM density in one radial section as 
the value of ݓ௟തതത.  An example of a radial section is provided in Figure 4.1 as the area 
between any two red lines.  There are four analysis areas that are used when calculating 
the angular UI: 1) one radial section in one axial section, 2) one radial section in one axial 
segment, 3) one radial section over the entire substrate, 4) each radial section over the 
entire substrate. 
 Requirements for Uniformity 4.6.
The developed UI quantifies the amount of variation in the average PM density.  The goal 
of the UI is to determine when a PM distribution can be classified as uniform or not 
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uniform.  To achieve this, the lower limit for the UI that would classify a distribution as 
uniform was established.  The lower limit needed to be connected to a physical 
phenomenon for it to be logical and appropriate to apply.  
The lower limit of the UI that would indicate a uniform PM distribution was established 
by measuring the absolute difference between the individual values and the 
corresponding average value.  The absolute difference calculations were performed for 
six data sets and UI values between 0.84 and 0.99.  The absolute difference was used 
since it is part of the UI calculation, as shown in Eq. 4.13.  For each UI value, the average 
absolute difference between the individual values and the average value was calculated to 
allow different UI values to be compared.  To find the lower limit of the UI that 
corresponded to a uniform PM distribution, the gradient between the absolute difference 
calculations for consecutive UI values was calculated.  The equation used in this process 
is given as Eq. 4.15. 
 ∇݀̅ = ݀ଶ
തതത − ݀ଵതതത
ܷܫଶ − ܷܫଵ 
Eq. 4.15 
In Eq. 4.15, ∇݀̅ is the gradient of the difference between two consecutive points, ݀̅ is the 
average absolute difference between the individual analysis points and the corresponding 
average value for one UI value, and ܷܫ is the corresponding UI value.  The calculation of 
݀̅ is completed using Eq. 4.16. 
 ݀̅ = ∑ |ݓ௜ − ݓ௟തതത|
௡௜ୀଵ
݊  Eq. 4.16 
In Eq. 4.16, ݓ௜ is the PM loading value in one analysis point, ݓ௟തതത is the average of the ݓ௜ 
values, and ݊ is the number of ݓ௜ values.  This is similar to Eq. 4.13. 
The purpose of the gradient calculations was to identify when the increase in the absolute 
differences in the data sets between two UI values was the largest.  The first gradient 
value in each of the six data sets that was greater than the gradients calculated for 
adjacent UI values was considered to be the UI value that represented a non-uniform 
distribution.  The maximum local gradient was used instead of the maximum gradient 
since the transition between a uniform and non-uniform data set was taken to be gradual.  
The largest local gradient would indicate when the gradual change had taken place.  
When the UI values that had the greatest gradient values for the six data sets were 
averaged together, the result was that the PM distribution at a UI value of 0.93 was the 
first distribution that was no longer uniform.  This indicates that a UI value of 0.94 
should be considered the lower limit of the UI for a uniform distribution.  The change in 
the gradient is the physical phenomenon that is currently used to indicate when a 
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distribution is no longer uniform.   This is a subjective process currently, and more 
research will be required in the future to validate this conclusion.  The future research is 
discussed in Chapter 8.   
 Data Correlation Check 4.7.
The TAS7000 generates 3D scans of a substrate by rotating the substrate.  The rotation of 
the substrate can cause additional errors in the data if the starting point for the rotation of 
each axial section that is scanned is not identical.  This can be caused by the substrate 
slipping inside the holding fixture, or the motor that rotates the substrate malfunctioning.  
A method to check the data correlation was developed to ensure that each axial section 
that is scanned is properly aligned.  The value used to judge the alignment of the axial 
sections is the coefficient of correlation.  The valid range of the coefficient of correlation 
is -1 to 1 [41].  A value of 1 indicates that the two axial sections are in perfect alignment. 
The developed method uses one column of data from the data matrix generated by the 
TAS7000 for each axial section.  The column is in a plane that passes through the 
centerline of the substrate.  The method compares one column from one axial section to 
the same column in the next axial section.  The correlation of one axial section to the next 
is completed in sequential order (1 to 2, 2 to 3, etc.) for all of the axial sections in the 
substrate.  If the two columns are not in alignment, the coefficient of correlation will be 
near 0.90.  Experimental data has shown that the coefficient of correlation is between 
0.90 and 1 for data sets that are aligned.  The coefficient of correlation equation was 
found in reference [41], as is repeated here as Eq. 4.17. 
 ݎ = ܻܵܵܺ√ܵܵܺ√ܻܵܵ Eq. 4.17 
The equation for SSXY is given as Eq. 4.18, the equation for SSX is given as Eq. 4.19, and 
the equation for SSY is given as Eq. 4.20. 
 ܻܵܵܺ = ෍( ௜ܺ − തܺ)( ௜ܻ − തܻ)
௡
௜ୀଵ
 Eq. 4.18 
 ܵܵܺ = ෍( ௜ܺ − തܺ)ଶ
௡
௜ୀଵ
 Eq. 4.19 
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 ܻܵܵ =෍( ௜ܻ − തܻ)ଶ
௡
௜ୀଵ
 Eq. 4.20 
In Eqs. 4.18, 4.19, and 4.20, ௜ܺ is one sample point in the column of data from the first 
axial section being compared, തܺ is the average of the sample points in the column of data 
from the first axial section being compared, ௜ܻ is one sample point in the column of data 
from the second axial section being compared, തܻ is the average of the sample points in 
the column of data from the second axial section being compared, and ݊ is the number of 
sample points in the column of data. 
Examples of the functionality of the developed method to check the correlation of the 
data are provided in Figures 4.5 and 4.6.  The data in Figure 4.5 is taken from the loading 
scan in Test 1 of Phase 2 and the data in Figure 4.6 is taken from the loading scan in Test 
1 of Phase 1.  The top plot in each figure is the data correlation value, with the range of 0 
to 1.  This range will show all large and small shifts in data.  Showing the whole range of 
-1 to 1 could make it difficult to see minor shifts in the data.  The bottom plot in each 
figure is the data that was used in the calculation of the coefficient of correlation.  It 
represents the axial PM distribution, with units of grams per liter.  The data set in Figure 
4.5 shows good correlation between the axial sections.  The coefficient of correlation for 
the data in-between the channel plugs is above 0.90.  The data set in Figure 4.6 does not 
show a good correlation.  In the bottom plot of Figure 4.6, around a Z* value of 0.45, 
there is a noticeable shift in the data.  The coefficient of correlation detected that shift, as 
indicated by the coefficient of correlation being below 0.90 at a Z* value of 0.45.  The 
coefficient of correlation showed another shift near a Z* value of 0.80.  The coefficient of 
correlation at Z* values of 0.21, 0.62, and 0.75, is slightly lower than the surrounding 
coefficient of correlations.  The data in the bottom plot of Figure 4.6 show slight data 
shifts at these points as well.  The developed data correlation evaluation method 
functioned correctly for detecting alignment issues in the data.  The complete results for 
the data correlation checks are presented in Appendix L.  A majority of the data sets 
showed evidence of possible shifting.  It is unknown if the variation in the coefficient of 
correlation in those data sets is caused by shifting or experimental noise in the data.  It 
was also found that the coefficient of correlation has more variation in it when the 
average PM density in the substrate was lower.   The data sets that had the least amount 
of variation were:  
• The loading scan from Phase 2 Test 1. 
• The active regeneration scan from Phase 2 Test 3. 
• The active regeneration scan from Phase 2 Test 4. 
• The second loading scan from Phase 2 Test 6. 
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• The passive oxidation scan from Phase 2 Test 7. 
 
Figure 4.5: Data Correlation: Good Data Set- Taken from Test 1 Phase 2 
 
 
Figure 4.6: Data Correlation:  Shifted Data Set- Taken from Test 1 Phase 1 
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Chapter 5. Experimental Matrix and Procedures3 
This chapter discusses the test matrices and procedures that were used during Phase 1 and 
2 of the experimental work conducted.  The overall test goals, developed test matrix, 
engine operating conditions (EOCs), and the procedures used during testing will be 
discussed.  The two phases will be discussed independently since they were designed 
with different goals in mind.  The two phases also used two different engines.  Phase 1 
work was completed using the 2010 Cummins ISB and Phase 2 work was completed 
using the 2007 Cummins ISL. 
 Phase 1: Experimental and Methodology Development 5.1.
There were three objectives associated with the main goal of Phase 1, which were 
mentioned in Chapter 1.  The main goal was to develop an understanding of the system 
used to measure the PM distribution, as well as to develop the analysis methods that 
would be required to characterize PM distribution  The first objective was to develop the 
methods and instrumentation that would be used to conduct PM distribution experiments.  
The second objective was to evaluate the capability of the TAS7000 to measure the PM 
distribution.  The third objective was to develop a method that can be used to evaluate 
and quantify the PM distribution.  The resulting method was presented in Chapter 4.  The 
test matrix for Phase 1 was developed with these three objectives in mind.  The 
developed test matrix is shown in Figure 5.1 and it consists of four tests and seven 
substrate scans.  Two substrate scans were the baseline scans taken of the substrates 
before any PM loading occurred.  One substrate scan was taken after loading the 
substrate to 5 g/L.  Three substrate scans were taken after active regenerations were 
performed on loaded substrates.  The active regenerations were performed at different 
temperatures and resulted in a different amount of available PM being oxidized.  One 
substrate scan was taken after PM was passively oxidized from a loaded substrate.  The 
points in the test where substrate scans were taken are highlighted in green in Figure 5.1.  
 
Figure 5.1: Phase 1 Test Matrix 
                                                 
3 Parts of the material contained in this chapter have been submitted, or are being considered for 
submission, to SAE International for publication consideration. 
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The actual tests that were conducted deviated slightly from the ideal test plan shown in 
Figure 5.1.  The PM loadings in the CPF for Tests 1, 2, and 4 were around 5 g/L, but the 
PM loading for Test 3 was around 5.8 g/L.  The length of time the CPF was loaded for 
was similar for tests 1- 3.  The engine out PM concentration during the Tests 1 and 2 was 
around 55 mg/scm, but Test 3 had an engine out PM concentration around 71 mg/scm.  
This caused the CPF to be loaded quicker.  The other deviation was that only 58% of the 
available PM was oxidized in Test 1 during the active regeneration, instead of the target 
of 70%.  This was caused by stopping the active regeneration too soon. 
In addition to the Phase 1 tests being used to develop the testing methods, evaluate the 
TAS7000, and develop an analysis method, the individual tests were designed to 
accomplish certain objectives.  The objectives of each test in the Phase 1 test matrix are 
given in Table 5.1.  Overall, the tests were designed develop an initial understanding of 
PM distribution trends.  The trends found for Phase 1 were explored further in Phase 2. 
Table 5.1: Objectives of Phase 1 Tests 
Test Objectives 
1 
Determine the PM Distribution Trends After Loading 
View the PM Distribution Trends After a 500 °C Active Regeneration with 
70% of the Available PM Oxidized 
Compare the PM Distribution After an Active Regeneration to the PM 
Distribution After Loading 
2 
Determine the PM Distribution Trends After a 500 °C Active Regeneration 
with 40% of the Available PM Oxidized 
Compare the PM Distribution After an Active Regeneration to the PM 
Distribution After Loading 
Compare the PM Distribution Resulting from 40 and 70% of the Available 
PM being Oxidized During an Active Regeneration 
3 
Determine the PM Distribution Trends After a Passive Oxidation 
Compare the PM Distribution After a Passive Oxidation to the PM 
Distribution After Loading 
Compare the PM Distribution Resulting from Passive Oxidation and Active 
Regeneration Conditions 
4 
Determine the PM Distribution Trends After a 600 °C Active Regeneration 
with 70% of the Available PM Oxidized 
Compare the PM Distribution After an Active Regeneration to the PM 
Distribution After Loading 
Compare the PM Distribution After a 500 and 600 °C Active Regeneration 
 
The EOCs used with the 2010 Cummins ISB to achieve the test plan are given in Table 
5.2.  The “Weighing” EOC was used to stabilize the temperature of the CPF prior to 
weighing it during tests.  The “Loading” EOC was used to load the substrate with PM.  
The engine calibration was modified during the “Loading” EOC to increase the engine 
 53 
 
out PM concentration, reducing the amount of time it would take to load a CPF to 5 g/L.  
The production engine calibration for the ISB engine does not produce high engine out 
PM concentrations since it is tuned to produce a higher concentration of oxides of 
nitrogen (NOX).  To increase the engine out PM concentration, the fuel rail pressure of 
the engine was lowered, which reduces the combustion efficiency enabling the 
production of PM.  The “Oxidation” EOC was used for all active regenerations and 
passive oxidations.  For active regeneration tests, the CPF temperature was increased by 
using in-cylinder fuel dosing.  In-cylinder fuel dosing consists of injecting fuel on the 
exhaust stroke of the engine.  This extra fuel will produce an exothermic reaction across 
the DOC, increasing the temperature of the exhaust gas at the inlet to the CPF.    
Table 5.2: ISB Engine Operating Conditions 
EOC 
Speed Load 
Percent 
of Full 
Load 
CPF 
Space 
Velocity
Average 
CPF 
Temp 
O2 
Conc. 
Into 
CPF 
Engine 
Out 
PM 
Conc. 
NOX 
Conc. 
into 
CPF 
RPM Nm % 1k/hr °C % mg/scm mg/scm
Weighing 1200 180 20 97 272 13.6 2 905 
Loading 2700 155 17 310 315 13.4 71 197 
Oxidation 1400 440 49 177 372 7.9 8 901 
 
The full procedure used during Phase 1 testing is shown in Figure 5.2.  The developed 
procedure is based on the work of Hutton et al. [42], Shiel et al. [43], and Pidgeon et al. 
[44].  There are multiple paths that can be followed with the test procedure, and each path 
depends on the test that is being performed.  Prior to any CPF weights being taken, the 
“Weighing” EOC is run for 30 minutes to stabilize the CPF Temperature.  Austin, in 
reference [36], found that the temperature of the CPF significantly impacted the CPF 
mass measurement.  The “Weighing” EOC is used because the “Loading” EOC would 
have loaded 1.5 g/L of PM into the CPF during the temperature stabilization time, 
possibly hiding or altering the PM distribution trends that resulted from active 
regeneration and passive oxidation.  Prior to shipping the substrate to Cummins for 
scanning, and after receiving a shipped substrate from Cummins, the substrate was baked 
and weighed with the instrumentation and can removed.  The baking procedure is 
described in Appendix B.  
The passive oxidation test, Test 3, did not follow the exact procedure for passive 
oxidation tests, shown as option 3, given in Figure 5.2.  This is because the original goal 
of Test 3 was to determine the oxidation rates for the “Weighing” and “Oxidation” EOC.  
The revised option 3 is shown in Figure 5.3.  After the ramp up stage shown for option 3, 
the “Weighing” EOC was run for one hour.  Then the CPF was weighed.  A second ramp 
up was performed, and then the “Oxidation” EOC was run for one hour.  The rest of the 
revised procedure follows the original option 3 procedure.  Test 3 was used as a passive 
oxidation test because it was found that the “Weighing” EOC would not oxidize any PM, 
and the “Oxidation” EOC oxidized over 40% of the available PM.  Since the “Weighing” 
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EOC did not oxidize any PM, the added steps would not impact the ability to discuss the 
passive oxidation that resulted from the “Oxidation” EOC. 
 
Figure 5.2: Phase 1 Test Procedure 
 
Figure 5.3: Revised Option 3 for Phase 1 Test Procedure 
 Phase 2: PM Distribution Trend Analysis 5.2.
The tests developed for Phase 2 were primarily designed based on the results found 
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distributions of the ISL and ISB substrates.  The fourth objective was to gain a better and 
more thorough understanding of the PM distribution trends that result from loading, 
passive oxidation, active regeneration, and post loading conditions.  This objective was 
accomplished by running tests similar to those completed by Hutton [42], Shiel [43], and 
Pidgeon [44], since that data has been modeled at MTU [45].  The PM distribution trends 
that are experimentally measured can then be compared to the trends produced by the 
MTU 1D model. The fifth and final objective was to evaluate the experimental 
procedures and instruments that were used to measure the PM distribution.  The shipping 
process and repeatability of the TAS7000 were the focus of the fifth objective. 
A total of 11 tests were developed for Phase 2, nine of which were designed to 
accomplish objectives 1-4 listed in the previous paragraph.  Those nine tests are shown in 
Figure 5.4.  The places where substrate scans were performed are highlighted in green.  
There were a total of 17 substrate scans taken.  Four baseline scans were completed, one 
for each of the four substrates.  Three substrate scans were taken after loading conditions.  
Four scans were taken after passive oxidation conditions.  Four scans were taken after 
active regeneration conditions.  Two scans were taken after post loading conditions. 
 
Figure 5.4: Phase 2 Test Matrix 
Similar to Phase 1, the actual tests conducted during Phase 2 deviated from the test plan 
design slightly.  The PM loading goal for each test, except Test 2 which did not have a 
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it taking less time than predicted to load the substrate and the pressure drop across the 
CPF being lower than previous experiments had shown.  The substrate loading rate was 
constant for the rest of the tests, and the amount of time the CPF was loaded was 
shortened as much as possible to try and hit 2.2 g/L as the peak loading.  However, due to 
the amount of measurements taken during the loading portion of the test, the time could 
not be shorted far enough to hit 2.2 g/L.  The list of measurements, and the order in 
which they are taken, are given in Appendix D.  The additional loading is not a problem.  
The CPF loading was also affected by residual PM and ash that was not cleaned out at the 
start of the test.  This is discussed further in Appendix G.   The actual PM loading in the 
substrate at the completion of the loading phase of the test was between 2.8 and 3.9 g/L.  
The amount of PM oxidized for Tests 2-5 was lower than planned.  This is because the 
cleanout or active regeneration portion of test was not run for a long enough period of 
time.  Test 2 was supposed to be a cleanout, but only 81% of available PM was oxidized.  
This resulted in approximately 1 g/L of PM being left in the substrate.  Tests 3, 4, and 5 
were supposed to achieve 40, 70, and 70% PM oxidation respectively.  Instead, Tests 3, 
4, and 5 achieved 26, 45, and 52% respectively, which will be enough of a difference to 
see how the PM distribution changes as the percentage of PM oxidized through active 
regeneration increases.   
The other two tests conducted during Phase 2 were designed to accomplish the fifth 
objective and validate portions of the experimental methods developed during Phase 1.  
The first test was a scanning repeatability test.  This test consisted of scanning ISB 
Substrate 2, from Test 4 of Phase 1, a total of five times.  This would allow the 
repeatability of the TAS7000 to be measured.  The second test, which also used ISB 
Substrate 2 from Test 4 of Phase 1, was a shipping orientation test.  This test consisted of 
shipping the substrate in three different orientations, using a pallet to ensure and maintain 
its directionality.  The three directions were: inlet pointed up, inlet pointed to the side, 
and inlet pointed down.  A substrate scan was performed after each shipping orientation.  
The results from this test indicated if the shipping orientation had any effect on the PM 
distribution.  Neither of these tests consisted of running a test in the MTU test cell.  All of 
the scans were conducted at Cummins with shipping of the substrates between MTU and 
Cummins.  
Similar to Phase 1, each test had individual objectives that were used to accomplish the 
objectives for Phase 2.  There are five groups of tests that were performed for Phase 2: a 
PM Loading test, a Multiple Loading Cleanout test, Passive Oxidation tests, Active 
Regeneration tests, and System and Methods tests.  The objectives for the PM Loading 
test are shown in Table 5.3 and the objectives for the Multiple Loading Cleanout test are 
shown in Table 5.4.  The Passive Oxidation tests and objectives are shown in Table 5.5 
and the Active Regeneration tests and objectives are shown in Table 5.6.  The System 
and Methods tests and objectives are shown in Table 5.7. 
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Table 5.3: PM Loading Test Objectives 
Test Objectives 
6 
Determine the PM Distribution Trends at 2 Different Loadings, 2.2 and 5 g/L 
Compare the 5 g/L Loading from the Phase 1 and Phase 2 
Determine How the PM Distribution Changes as a Function of Loading 
Determine if the Accelerated Loading Used During Phase 1 Produced Results 
Similar to a Typical Engine Condition Loading 
Table 5.4: Multiple Loading Test Cleanout Objectives 
Test Objectives 
2 
Determine the PM Distribution After a Substrate Cleanout 
Determine if Running Multiple Tests on One Substrate Results in a PM Plug 
Forming Near the Outlet of the Substrate 
Determine Effectiveness of CPF Cleanout 
Table 5.5: Passive Oxidation Tests and Objectives 
Tests Objectives 
1 
Determine the PM Distribution Trends After Loading 
Determine the PM Distribution Trends After a Passive Oxidation with 20% 
of the PM Oxidized 
Compare the PM Distribution After a Passive Oxidation and Loading 
7 
Determine the PM Distribution Trends After a Passive Oxidation with 70% 
of the PM Oxidized 
Determine the PM Distribution Trends After Performing 1 Hour of Post 
Loading 
Compare the PM Distribution Trends from Active Regenerations and Passive 
Oxidations Performed with the Same Amount of Available PM Oxidized 
Compare the PM Distribution Resulting from Passive Oxidations with 20 and 
70% of the Available PM being Oxidized 
Compare the PM Distribution Trends After Post Loading to the Passive 
Oxidation and the Loading Distribution Trends 
8 
Determine the PM Distribution Trends After a Passive Oxidation with 40% 
of the PM Oxidized 
Compare the PM Distribution Trends from Active Regenerations and Passive 
Oxidations Performed with the Same Amount of Available PM Oxidized 
Compare the PM Distribution Resulting from Passive Oxidations with 20, 
40, and 70% of the Available PM being Oxidized 
Compare the Passive Oxidation Performed During Phase 1 the Passive 
Oxidation from Phase 2 with 40% of the Available PM being Oxidized 
9 
Determine the PM Distribution Trends After a Passive Oxidation with 5% of 
the PM Oxidized 
Determine How a Balance Point Affects the PM Distribution 
Compare the PM Distributions after a 5% Passive Oxidation to a 20, 40, and 
70% Passive Oxidation 
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Table 5.6: Active Regeneration Tests and Objectives 
Tests Objectives 
3 
Determine the PM Distribution Trends After a 525 °C Active Regeneration 
with 40% of the Available PM Oxidized 
Compare the PM Distribution After an Active Regeneration to the PM 
Distribution After Loading 
Compare the PM Distribution Trends from Active Regenerations and Passive 
Oxidations Performed with the Same Amount of Available PM Oxidized 
Compare the 500 °C Active Regeneration Performed During Phase 1 to the 
525 °C Active Regeneration from Phase 2 
4 
Determine the PM Distribution Trends After a 525 °C Active Regeneration 
with 70% of the Available PM Oxidized 
Determine the PM Distribution Trends After Performing 1 Hour of Post 
Loading 
Compare the PM Distribution After an Active Regeneration to the PM 
Distribution After Loading 
Compare the PM Distribution Trends from Active Regenerations and Passive 
Oxidations Performed with the Same Amount of Available PM Oxidized 
Compare the PM Distribution Resulting from Active Regenerations with 40 
and 70% of the Available PM being Oxidized 
Compare the PM Distribution Trends After Post Loading to the Active 
Regeneration and Loading Distribution Trends 
Compare the 500 °C Active Regeneration Performed During Phase 1 to the 
525 °C Active Regeneration from Phase 2 
5 
Determine the PM Distribution Trends After a 600 °C Active Regeneration 
with 70% of the Available PM Oxidized 
Compare the PM Distribution After an Active Regeneration to the PM 
Distribution After Loading 
Compare the PM Distribution Trends from Active Regenerations and Passive 
Oxidations Performed with the Same Amount of Available PM Oxidized 
Compare the PM Distribution After a 525 and 600 °C Active Regeneration 
Compare the 600 °C Active Regeneration Performed During Phase 1 to the 
600 °C Active Regeneration from Phase 2 
Table 5.7: System and Methods Tests and Objectives 
Test Objective 
Repeatability Determine the Repeatability of the Advantest TAS7000 
Shipping Determine the Effects of Substrate Orientation During Shipping  
 
The EOCs used with the 2007 Cummins ISL engine to achieve the test matrix given in 
Figure 5.4 are given in Table 5.8.  These engine points were originally established by 
Hutton [3], Shiel [4], and Pidgeon [5].  All of the PM loading is accomplished with EOC 
B.  Passive Oxidation tests used EOC A and F.  The balance point test, that is part of the 
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Passive Oxidation tests, was completed using EOC A.  A balance point is defined as a 
test condition where the PM rate into the CPF is equal to the PM oxidation rate in the 
CPF, and therefore no PM loading occurs.  Active Regeneration tests used EOC AR, and 
then in-cylinder fuel dosing was used to increase the average CPF temperature.  No 
modifications were made to the engine calibration of the ISL during Phase 2 work. 
Table 5.8: ISL Engine Operating Conditions [3-5] 
EOC 
Speed Load 
Percent 
of Full 
Load 
CPF 
Space 
Velocity
Average 
CPF 
Temp 
O2 
Conc. 
Into 
CPF 
Engine 
Out 
PM 
Conc. 
NOX 
Conc. 
into 
CPF 
RPM Nm % 1k/hr °C % mg/scm mg/scm 
B 2100 200 12 212 266 13.7 21.5 175 
A 1200 280 17 89 256 12.5 5.8 576 
F 1290 550 32 151 350 8.7 8.1 332 
AR 1400 460 27 145 317 7.3 19.0 281 
 
The test procedure that was followed during Phase 2 testing is shown in Figure 5.5.  This 
test procedure is based on the work of Shiel et al. [43] and Pidgeon et al. [44], similar to 
the Phase 1 procedure.  The biggest difference between the Phase 1 and Phase 2 
procedures, is that Phase 2 does not include a “Weighing” EOC.  The loading condition, 
EOC B, is used to stabilize the CPF temperature prior to taking mass measurements.  
This was done to match the tests performed previously in the MTU test cell.  The Phase 2 
test procedure also includes options for post loading on the substrate, which was not a 
part of the Phase 1 test procedure.  The test procedure allows for multiple types of tests to 
be run, depending on the options chosen.  No deviations from this test plan were made. 
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Figure 5.5: Phase 2 Test Procedure 
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Chapter 6. Experimental Results4 
This chapter presents and discusses the results from experiments that were conducted as 
part of the investigation into PM distribution trends in a CPF.  There are eight groups of 
results that will be discussed. The first group (6.1) was used to ensure that the developed 
data analysis method functioned as intended.  The second group (6.2) focused on the 
change in the results due to changes in the PM density calculation process.  This group 
compares the results of the original calculation process to the developed calculation 
process that was discussed in section 4.1.  The third group (6.3) was used to analyze the 
repeatability of the TAS7000.  The fourth group (6.4) was used to determine if the 
orientation of the substrate during shipping had any effect on the PM distribution.  The 
fifth (6.5), sixth (6.6), seventh (6.7), and eighth (6.8) groups were used to identify PM 
distribution trends after PM loading, passive oxidation, active regeneration, and post 
loading, respectively.  The PM distribution trends are the main focus of the experimental 
work that was conducted.  Additional data on the tests conducted are available in the 
appendices.  Appendix E presents a summary of the data collected during each test.  
Appendix F discusses the PM reaction rates found for the PM distribution experiments.  
Appendix G discusses discrepancies in the mass measurements of the substrates.  
Appendix H provides the pressure drop curves that were generated during the 
experiments.  Appendix I gives the average CPF temperatures during the last 5 minutes 
of the stage that the substrates were scanned.  Appendix J gives a summary of the 
emissions data that were collected during each experiment.  Appendix K provides 
additional PM distribution plots, which are not presented in the main body of the thesis.  
Appendix L presents the results of the data correlation tests that were performed. 
 Developed Data Analysis Method Functionality 6.1.
The data that were collected during Phase 1 of the experimental study discussed in this 
thesis were used to better understand the capabilities of the TAS7000 system and develop 
an analysis method for the data that were produced by the TAS7000, as mentioned in 
section 1.1.1.  The experimental matrix and procedures that were used to study the 
capabilities and develop the analysis method are given in section 5.1.  This section shows 
the result of applying the developed analysis method to five data sets.  The ability of the 
analysis method to identify and quantify PM distribution trends is discussed.  The data 
shown in this section is representative of PM only, as the ash content in the substrate was 
not measured.   
Phase 1 Test 1: Loading 
There were three substrate scans taken during Test 1.  The first scan was of a clean 
substrate, which was used as the baseline scan for substrate 1.  The second scan was 
taken after loading the substrate to 4.96 g/L.  The third scan was taken after an active 
                                                 
4 Parts of the material contained in this chapter have been submitted, or are being considered for 
submission, to SAE International for publication consideration. 
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regeneration was performed on the loaded substrate.  The results of the second scan are 
shown in Figure 6.1.  The top four subplots in Figure 6.1 show the PM distribution, in 
grams per liter, at four different Z* values, 0.125, 0.375, 0.625, and 0.875.  The amount 
of color variation in the top four plots gives an indication of the uniformity of the PM 
distribution in the radial and angular direction.  The bottom plot in Figure 6.1 shows the 
PM distribution in the axial direction in grams per liter.  The data used to generate this 
plot were taken from a single radial plane, which passed through the centerline of the 
substrate.  The amount of color variation in the bottom plot gives an indication of the 
axial PM distribution uniformity. 
The results in the bottom plot show that for the first 85% of the axial length, the PM 
distribution was 4.8 g/L.  In the last 15% of the axial length the PM density increased to 
5.6 g/L, which is 12% higher than the substrate average, indicating that more PM was 
loaded near the outlet of the substrate.  This axial PM distribution resulted in an overall 
axial UI of 0.90.  The results presented in the top four plots show an increase in the PM 
loading, as indicated by the red regions, in radial sections 3 and 4 between Θ values of 
135 and 225° for Z* values of 0.125, 0.375, and 0.625.  For a Z* value of 0.875 a region 
of dark red exists in radial sections 3 and 4 between Θ values of 180 and 270°, indicating 
a higher PM loading than the surrounding areas.  Even with the regions of higher loading, 
the overall radial and angular UIs were both 0.96.  
 
Figure 6.1: Phase 1 Test 1: Loading Scan Results 
To further analyze the PM distribution, the axial PM distribution in each radial section 
was plotted, and the result is shown in Figure 6.2.  The y-axis represents the PM density 
in grams per liter, and the x-axis gives the normalized axial length, Z*.  The radial 
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section number and corresponding dimensions are shown in the top left corner of each 
plot and the axial uniformity index is given in the top right corner of each plot.  The solid 
blue line in each plot is the average PM density for each axial section and the dashed red 
line is the 95th PR for the data.  The UI is a measure of the consistency in the blue line 
and the 95th PR is a measure of the amount of spread in the data used to generate the blue 
line.  Each plot contains a box containing the average PM density and 95th PR for that 
radial section.  Above radial section 1, the overall radial and angular UIs are given. 
The results in Figure 6.2 show that all four radial sections had a similar amount of 
variation in the axial PM distribution since the axial UI values were all similar.  Radial 
section 4 had a PM density that was 7% lower than the other three radial sections, which 
had an average PM density around 4.91- 4.92 g/L.  Although Figure 6.1 shows that the 
PM density was higher in portions of radial section 3 and 4, radial section 4 also had 
sample points near the edge of the substrate that had a lower PM density.  These sample 
points caused the average for radial section 4 to be lower than the other radial sections.  
Figure 6.2 also shows that the 95th PR increased in each radial section, from 0.38 g/L for 
radial section 1 to 0.99 g/L for radial section 4.  This indicates that there is more variation 
in the PM distribution near the periphery of the substrate than near the center.   
 
Figure 6.2: Phase 1 Test 1- Loading Axial PM Distribution in Each Radial Section 
Table 6.1 gives the regional axial UI, average PM density in grams per liter, and 95th PR 
for the average PM density in grams per liter for the four radial sections and four axial 
segments.  The average PM density was found to increase from 4.72 g/L in axial segment 
1 to 5.10 g/L in axial segment 4, for radial section 1.  The axial segments capture the 
increase in density shown in Figure 6.1, but the peak value of 5.6 g/L is not shown due to 
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the size of the axial segment.  Due to the consistent increase in PM density from axial 
segment 1 to 4, axial segments 2 and 3 were found to have a uniform axial UI (above 
0.94), indicating that the average PM densities in axial segments 2 and 3 are similar to the 
average PM density in the entire substrate.  The data in Table 6.1 show that the 95th PR 
was the lowest for radial section 1 for all four axial segments, which agrees with Figure 
6.2.   
Table 6.1: Phase 1 Test 1- Loading Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.93 4.72 0.42 0.98 4.88 0.20 0.98 4.96 0.29 0.82 5.10 0.56 
2 0.92 4.72 0.55 0.98 4.88 0.35 0.97 4.96 0.45 0.82 5.10 0.59 
3 0.91 4.73 0.98 0.96 4.88 0.73 0.95 4.97 0.80 0.82 5.11 0.69 
4 0.91 4.41 1.11 0.96 4.55 0.71 0.95 4.63 1.02 0.83 4.77 0.94 
 
Table 6.2 shows the regional radial UI, average PM density in grams per liter, and the 
95th PR for the average PM density in grams per liter for the four quadrants and four axial 
segments.  The regions of increased PM loading that are shown in Figure 6.1 are located 
in quadrants 2 and 3.  For axial segment 1, which corresponds to the Z*=0.125 plot in 
Figure 6.1, the radial UI was 0.93 in quadrant 2, indicating a non-uniform distribution.  
This was the only quadrant to have a non-uniform distribution.  For axial segments 2 and 
3, which correspond to the Z*=0.375 and 0.625 plots in Figure 6.1, the increased PM 
loading resulted in the 95th PR for quadrant 2 being 38-56% higher than the adjacent 
quadrants.    
Table 6.2: Phase 1 Test 1- Loading Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.95 4.27 0.17 0.96 4.74 0.16 0.96 4.85 0.24 0.96 4.45 0.19 
2 0.93 4.21 0.20 0.96 4.78 0.25 0.95 4.86 0.40 0.95 4.43 0.16 
3 0.94 4.26 0.13 0.96 4.85 0.16 0.96 4.94 0.25 0.96 4.48 0.17 
4 0.95 4.22 0.15 0.97 4.82 0.09 0.97 4.87 0.10 0.97 4.40 0.14 
 
The angular PM distribution in each radial section can be plotted for each axial section to 
further analyze the angular PM distribution, as shown in Figure 6.3.  The y-axis 
represents that PM density in grams per liter, and the x-axis is the angular measurement, 
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Θ.  The radial section number and corresponding dimensions are shown in the top left 
corner of each plot, and the angular UI is given in the top right corner of each plot.  The 
solid blue line gives the average PM density for each angular increment, and the dashed 
red line gives the 95th PR for the average PM density.  A box in each plot gives the 
average PM density and 95th PR for the average density for the radial section.  Above 
radial section 1, the radial UI for the axial section is given. 
Figure 6.3 gives the angular PM distribution for each radial section for a Z* value of 
0.125.  The other axial sections show similar results.  All of the radial sections had a 
uniform angular PM distribution, but radial sections 3 and 4 had a lower UI.  This 
indicates that there is more variation in the angular PM distribution near the outer edge of 
the substrate than near the centerline.  The average PM density in radial section 4 was 7% 
lower than the other radial sections, which had an average density around 4.74 g/L.  This 
finding is similar to the results shown in Figure 6.2.  The 95th PR was 1.95 g/L in radial 
section 4, which is 260-650% higher than the other radial sections.  The higher 95th PR 
for radial section 4 may be the result of how the terahertz wave enters the substrate, 
which can cause additional error.  This phenomenon is not fully understood yet.   
 
Figure 6.3: Phase 1 Test 1- Loading Angular PM Distribution in Each Radial Section 
Table 6.3 gives the regional angular UI, average PM density in grams per liter, and 95th 
PR for the average PM density in grams per liter for each of the radial sections and all 
four axial segments.  The angular UI was less than 0.94 for radial sections 3 and 4 in 
axial segment 1, indicating a non-uniform distribution.  This conclusion is different than 
the results that are shown in Figure 6.3, indicating that there are distribution trends that 
not represented in a single plot.  The 95th PR for radial section 4 was 239-330% higher 
0
2
4
6
8
Radial Section 1- Diameter of 0-114 mm Angular Uniformity Index = 0.99
Angular PM Distribution in Each Radial Section at Z*= 0.125
Test 1: Loading
PM
 L
oa
di
ng
 (g
/L
)
Radial Uniformity Index =0.96
Average PM Density = 4.74
Average 95th Percentile Range = 0.54
 
 
Average PM Density
95th Percentile Range
0
2
4
6
8
Radial Section 2- Diameter of 114-161 mm Angular Uniformity Index = 0.99
Average PM Density = 4.74
Average 95th Percentile Range = 0.26
0
2
4
6
8
Radial Section 3- Diameter of 161-197 mm Angular Uniformity Index = 0.96
Average PM Density = 4.75
Average 95th Percentile Range = 0.38
0 45 90 135 180 225 270 315 360
0
2
4
6
8
Θ (°)
Radial Section 4- Diameter of 197-228 mm Angular Uniformity Index = 0.96
Average PM Density = 4.43
Average 95th Percentile Range = 1.95
 66 
 
than radial section 1, which is consistent with Figure 6.3.  Radial sections 3 and 4 also 
had a UI that was lower than radial section 1 and 2 for axial segments 1-3.  This indicates 
that the PM distribution is more uniform near the centerline of the substrate. 
Table 6.3: Phase 1 Test 1- Loading Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.97 4.72 0.59 0.99 4.88 0.46 0.98 4.96 0.49 0.97 5.10 0.59 
2 0.95 4.72 0.35 0.98 4.88 0.25 0.97 4.96 0.28 0.96 5.10 0.37 
3 0.93 4.73 0.50 0.96 4.88 0.37 0.95 4.97 0.42 0.96 5.11 0.40 
4 0.92 4.41 2.00 0.96 4.55 1.98 0.95 4.63 2.04 0.95 4.77 2.06 
 
Phase 1 Test 1: Active Regeneration 
The third substrate scan from Test 1 was taken after an active regeneration was 
performed.  After loading the substrate to 4.96 g/L and taking the loading scan, a 500 °C 
active regeneration was performed that oxidized 58% of the available PM.  The PM 
density in the substrate at the time of the scan was 2.03 g/L.  The result of this scan is 
shown in Figure 6.4.  The bottom plot of Figure 6.4 indicates that there was more PM 
oxidized near the outlet of the substrate, due to the dark blue color.  The first 60% of the 
axial length had a PM density around 2.5 g/L, which is 25% higher than the substrate 
average.  The last 40% of the axial length had a PM density of 0.9 g/L which is 55% 
lower than the substrate average.  This distribution resulted in an overall axial UI of 0.84.  
For reference, the loading substrate scan had a PM density that was 12% higher near the 
outlet of the substrate and an axial UI of 0.90.  The overall radial UI was 0.93 and the 
overall angular UI was 0.91 after the active regeneration.  These results agree with Figure 
6.4.  In quadrant 1 of Z* values 0.125, 0.375, and 0.625, the PM distribution fluctuates 
between 1 and 5 g/L.  This large of a variation should be classified as non-uniform. 
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Figure 6.4: Phase 1 Test 1- Active Regeneration Scan Results 
 
The axial PM distribution in each radial section is shown in Figure 6.5.  Between Z* 
values of 0.60 and 0.70, the PM distribution decreases from 2 g/L to 1 g/L.  The axial UIs 
were similar for all radial sections, indicating that each radial section had a similar 
amount of variation in the axial PM distribution.  Radial section 4 had an average PM 
density that was 13% lower than the other three radial sections.  The 95th PRs for radial 
sections 2-4 were two times greater than the 95th PR for radial section 1, which was    
0.80 g/L, indicating a more consistent PM distribution near the centerline of the substrate.  
The axial PM distribution data are also presented in Table 6.4.  Axial segments 2 and 3 
had the highest axial UI, which indicates that the average PM densities in those two 
segments were closest to the average PM density in the entire substrate.  Although the 
axial PM distribution was not uniform, this trend is similar to the results shown for the 
substrate scan taken after loading the substrate.  Radial sections 2-4 had a 95th PR that 
was 50-190% higher than radial section 1.  Therefore, PM distribution near the centerline 
of the substrate was more consistent than near the edges of the substrate.  This is 
different, however, than the loading results where radial sections 1 and 2 had a similar 
95th PR.   
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Figure 6.5: Phase 1 Test 1- Active Regeneration Axial PM Distribution in Each Radial Section 
Table 6.4: Phase 1 Test 1- Active Regeneration Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.84 2.72 0.82 0.90 2.42 0.56 0.90 1.79 0.74 0.78 0.95 0.93 
2 0.81 2.72 1.86 0.85 2.42 1.89 0.88 1.79 1.31 0.78 0.95 1.44 
3 0.82 2.73 1.76 0.85 2.43 1.74 0.87 1.80 1.60 0.78 0.96 1.41 
4 0.82 2.42 1.98 0.88 2.14 1.60 0.89 1.54 1.46 0.79 0.76 1.43 
 
The radial PM distribution data for the four quadrants and four axial segments are shown 
in Table 6.5.  In Figure 6.4, quadrant 1 appears to have the most variation in the data, 
especially at Z* values of 0.125 (axial segment 1) and 0.375 (axial segment 2).  In axial 
segment 2, quadrant 1 was found to have the lowest UI at 0.91.  The other three axial 
segments had a similar UI for all quadrants.  In axial segment 2, quadrant 2 had a UI of 
0.92, which indicates that quadrant 2 was more uniform than quadrant 1.  The 95th PR for 
quadrant 2 was 30% higher than quadrant 1, indicating that the data in quadrant 2 had 
more variation in it than quadrant 1.  These conflicting statements are possible because 
the UI and 95th PR measure two different parameters of the PM distribution.  The UI 
indicates the consistency of the analysis points, in an analysis area, with respect to the 
average value.  The 95th PR indicates the range of the values in an analysis area.  For a Z* 
0
2
4
6
8 Radial Section 1- Diameter of 0-114 mm Axial Uniformity Index= 0.85
Average Radial Uniformity Index = 0.93
Average Angular Uniformity Index = 0.91
Axial PM Distribution in Each Radial Section
Test 1: Active Regeneration
PM
 L
oa
di
ng
 (g
/L
)
Average PM Density = 1.98
Average 95th Percentile Range = 0.80
 
 
Average PM Density for Each Axial Section
95th Percentile Range
0
2
4
6
8 Radial Section 2- Diameter of 114-161 mm Axial Uniformity Index= 0.83
Average PM Density = 1.98
Average 95th Percentile Range = 1.66
0
2
4
6
8 Radial Section 3- Diameter of 161-197 mm Axial Uniformity Index= 0.83
Average PM Density = 1.99
Average 95th Percentile Range = 1.69
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0
2
4
6
8
Z∗
Radial Section 4- Diameter of 197-228 mm Axial Uniformity Index= 0.84
Z∗=1 Corresponds to 280 mm
Average PM Density = 1.72
Average 95th Percentile Range = 1.68
 69 
 
value of 0.375, the average values for each angular increment in quadrant 2 had a range 
of 0.62 g/L and the values increased between Θ values of 90 and 180°. In quadrant 1, the 
average values in each angular increment had a range that was 62% lower than quadrant 
1.  This decrease in the range correlates to a lower 95th PR for quadrant 1.  The average 
range of the data used to calculate the average value for each angular increment was 21% 
higher in quadrant 1 than quadrant 2.  This indicates there is less consistency in the 
average values for the analysis points in quadrant 1, leading to a lower UI.  
Table 6.5: Phase 1 Test 1- Active Regeneration Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.90 2.30 0.39 0.91 2.12 0.53 0.93 1.63 0.60 0.94 0.79 0.50 
2 0.91 2.38 0.40 0.92 2.53 0.69 0.93 1.81 0.59 0.93 0.88 0.31 
3 0.91 2.64 0.30 0.93 2.61 0.30 0.94 1.93 0.36 0.94 0.90 0.26 
4 0.90 2.51 0.56 0.93 2.15 0.33 0.93 1.55 0.35 0.93 0.85 0.46 
 
The angular PM distribution for a Z* value of 0.125 is shown in Figure 6.6.  Radial 
section 1 was the only radial section that has a uniform angular PM distribution at 
Z*=0.125.  This indicates that the PM distribution near the centerline is more uniform 
than the PM distribution near the edges of the substrate.  Radial section 4 had an average 
PM density that was 11% lower than radial sections 1-3.  The 95th PR for radial section 1 
is 53% greater than radial section 2.  This indicates that the data used to calculate the 
average value for each angular increment were more consistent in radial section 2, but 
there is more variation in the resulting average value, than radial section 1.  This trend 
highlights the need to use both the UI and 95th PR to quantify a PM distribution.  Table 
6.6 shows that the trend with the 95th PR was consistent for all axial segments.  Table 6.6 
also shows that radial section 1 was the only radial section to have a uniform distribution.  
The UI is radial section 1 was 2-10% higher than the other radial sections, indicating a 
more uniform PM distribution was found near the centerline of the substrate. 
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Figure 6.6: Phase 1 Test 1- Active Regeneration Angular PM Distribution in Each Radial Section 
Table 6.6: Phase 1 Test 1- Active Regeneration Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.94 2.72 0.92 0.97 2.42 0.89 0.96 1.79 0.89 0.94 0.95 1.04 
2 0.87 2.72 0.67 0.88 2.42 0.62 0.92 1.79 0.52 0.92 0.95 0.73 
3 0.88 2.73 1.12 0.89 2.43 1.00 0.90 1.80 0.81 0.92 0.96 0.72 
4 0.87 2.42 2.00 0.92 2.14 1.87 0.92 1.54 1.67 0.92 0.76 1.18 
 
Phase 1 Test 2: Active Regeneration 
There were two substrate scans taken during Test 2.  The first scan was the baseline scan, 
of a clean substrate, for substrate number 2, and the second scan was a scan after the 
active regeneration.  Test 2 consisted of loading a substrate to 5.2 g/L and then 
performing a 500 °C active regeneration that oxidized 41% of the available PM.  The PM 
density in the substrate at the time of the scan was 2.99 g/L.  The result of this scan is 
shown in Figure 6.7.  The bottom plot in Figure 6.7 shows that the PM density in the first 
40% of the substrate was 3.4 g/L, which is 14% higher than the substrate average.  In the 
last 40% of the axial length, the PM density was 2.2 g/L, which is 26% lower than the 
substrate average.  This PM distribution resulted in an overall axial UI of 0.85.  The UI 
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and distribution trend is similar to the result found for the active regeneration scan from 
Test 1 (axial UI of 0.84).  The overall radial and angular UIs were 0.96 and 0.94, 
respectively, for the active regeneration scan from Test 2, which indicate a uniform 
distribution.  The overall radial and angular UIs from the active regeneration scan of Test 
1, where 58% of the available PM was oxidized, were not uniform.  This indicates that 
there may be an upper limit to the amount of PM oxidation that will result in a uniform 
radial and angular distribution. 
 
Figure 6.7: Phase 1 Test 2- Active Regeneration Scan Results 
The axial PM distribution for each radial section is shown in Figure 6.8. All four radial 
sections had a similar axial UI, indicating a similar amount of variation in the axial PM 
distribution.  Radial section 4 had an average PM density that was 9% lower than the 
substrate average.  The 95th PR increased in each radial section, from 0.62 in radial 
section 1 to 1.20 in radial section 4.  These results are similar to the axial PM distribution 
for both the loading and active regeneration scan from Test 1.  The active regeneration 
scan from Test 1 showed that a majority of the PM was oxidized after a Z* value of 0.7.  
However, Figure 6.8 shows that the PM density starts to decrease at a Z* value of 0.4.  
Additionally, the PM density increases until a Z* value of 0.4.  In Test 1, the PM density 
was continually decreasing.  The data in Table 6.7 confirm these results. Axial segments 
1 and 3 had the highest UIs, indicating that the average values in those axial segments are 
nearest the average value for the substrate. 
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Figure 6.8: Phase 1 Test 2- Active Regeneration Axial PM Distribution in Each Radial Section 
Table 6.7: Phase 1 Test 2- Active Regeneration Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.88 3.42 0.73 0.84 3.78 0.59 0.91 2.68 0.48 0.81 2.07 0.44 
2 0.87 3.42 0.97 0.84 3.78 0.90 0.91 2.68 0.80 0.81 2.07 0.66 
3 0.87 3.43 1.35 0.84 3.79 1.16 0.91 2.69 0.51 0.80 2.07 1.05 
4 0.87 3.12 1.40 0.84 3.47 1.03 0.91 2.41 0.85 0.81 1.83 1.23 
 
Table 6.8 gives the radial PM distribution in the four quadrants and four axial segments. 
The results show that quadrant 2 had a UI lower than the other 3 quadrants in axial 
segments 1, 3, and 4.  Quadrant 2 was also the only non-uniform quadrant in axial 
segment 1.  Quadrant 2 in the Z*=0.125 plot in Figure 6.7 does not visually seem to be 
non-uniform.  The ability of the UI to quantify a distribution, instead of relying on visual 
observations, is an important characteristic of the developed analysis method. 
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Table 6.8: Phase 1 Test 2- Active Regeneration Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.94 3.02 0.41 0.94 3.75 0.20 0.96 2.67 0.14 0.96 1.72 0.19 
2 0.93 3.13 0.28 0.95 3.80 0.58 0.95 2.68 0.17 0.95 1.81 0.46 
3 0.94 3.07 0.51 0.96 3.58 0.30 0.97 2.59 0.12 0.96 1.96 0.48 
4 0.94 2.98 0.22 0.96 3.70 0.28 0.96 2.53 0.21 0.96 1.76 0.52 
 
The angular PM distribution in each radial section for a Z* value of 0.125 is shown in 
Figure 6.9.  The angular UI decreased from 0.97 in radial section 1 to 0.94 in radial 
section 4, which indicates that all radial sections have a uniform angular PM distribution 
for this particular Z* value.  However, the data in Table 6.9 show that axial segment 1 
only had a uniform PM distribution for radial section 1.  The only other non-uniform 
angular PM distributions were in radial sections 3 and 4 in axial segment 4.  Figure 6.9 
shows that the 95th PR in radial section 1 was 77% higher than radial section 2 and radial 
sections 1-3 had 95th PRs that were 57-75% lower than radial section 4.  The data in 
Table 6.9 confirm this trend, with the 95th PR in radial section 4 being consistently higher 
than radial sections 1-3.  In all axial segments, except axial segment 3, radial section 1 
had a UI that was higher than the other radial sections, indicating there was a more 
uniform PM distribution near the centerline of the substrate.  In axial segment 3, all of the 
radial sections were similar. 
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Figure 6.9: Phase 1 Test 2- Active Regeneration Angular PM Distribution in Each Radial Section 
Table 6.9: Phase 1 Test 2- Active Regeneration Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.94 3.42 0.80 0.97 3.78 0.57 0.97 2.68 0.53 0.96 2.07 0.62 
2 0.92 3.42 0.58 0.94 3.78 0.39 0.95 2.68 0.29 0.95 2.07 0.39 
3 0.91 3.43 0.61 0.95 3.79 0.50 0.97 2.69 0.44 0.93 2.07 0.42 
4 0.92 3.12 1.93 0.95 3.47 1.97 0.96 2.41 1.65 0.93 1.83 1.54 
 
Phase 1 Test 3: Passive Oxidation 
Test 3 consisted of loading a substrate to 5.81 g/L and then performing a passive 
oxidation for 52 minutes where 45% of the available PM was oxidized.  The average 
temperature of the substrate was 372 °C and the NO2 concentration into the CPF was 256 
ppm.  The PM density in the substrate at the end of the passive oxidation was 3.33 g/L.  
A substrate scan was performed after the passive oxidation was completed, and the result 
is shown in Figure 6.10.  The bottom plot shows that the first 10 and last 55% of the axial 
length had a PM density of 3.2 g/L, which is 4% lower than the substrate average.  
Between 20 and 50% of the axial length, the PM density was 3.9 g/L, which is 28% 
higher than the substrate average.  This indicates that less PM was oxidized near the 
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middle of the substrate.  The axial distribution, which is similar in trend to the active 
regeneration scan from Test 2, resulted in an overall axial UI of 0.91.  Test 2 had a lower 
UI, which was caused by more PM being oxidized near the outlet of the substrate.  The 
overall radial UI was 0.96 and the overall angular UI was 0.94.  These are identical to the 
overall radial and angular UI for Test 2, and similar to the values calculated for the 
loading scan of Test 1.  The plots for Z* values of 0.125, 0.375, and 0.875 show an 
increase in the PM density in quadrants 1 and 2 and radial sections 3 and 4, but those 
increases did not cause the overall radial and angular UI to be non-uniform.   
 
Figure 6.10: Phase 1 Test 3- Passive Oxidation Scan Results 
The axial PM distribution in each radial section is shown in Figure 6.11.  The average 
PM density in radial section 4 was 8% lower than the other three radial sections.  This is 
consistent with the other data from the other scans.  Figure 6.11 also shows that at a Z* 
value of 0.15 the PM density begins to increase and at a Z* value of 0.45 the PM density 
starts to decrease in all four radial sections.  The axial UI decreased from 0.92 in radial 
section 1 to 0.90 in radial section 4, indicating that there is more variation in the axial PM 
distribution near the edge of the substrate.  The 95th PR increased in each radial section, 
from 0.67 g/L in radial section 1 to 1.53 g/L in radial section 4.  The axial PM 
distribution data for each radial section and axial segment are given in Table 6.10.  Axial 
segment 3 is the only axial segment to have a uniform PM distribution.  The average PM 
density trend in Table 6.10, where axial segment 2 has the highest PM density, is similar 
to the average PM density trend for Test 2 in Table 6.7.   The trends for the UI and 95th 
PR that are shown in Table 6.10 are similar to the trends shown in Figure 6.11. 
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Figure 6.11: Phase 1 Test 3- Passive Oxidation Axial PM Distribution in Each Radial Section 
Table 6.10: Phase 1 Test 3- Passive Oxidation Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.91 3.41 0.65 0.92 3.89 0.65 0.96 3.34 0.46 0.90 3.19 0.69 
2 0.91 3.42 1.01 0.92 3.89 0.62 0.96 3.34 0.46 0.90 3.19 0.86 
3 0.90 3.42 1.26 0.91 3.90 1.16 0.95 3.35 0.85 0.88 3.19 1.53 
4 0.90 3.13 1.72 0.90 3.59 1.39 0.94 3.06 1.11 0.88 2.92 1.77 
 
The radial PM distribution data for the four quadrants and four axial segments are shown 
in Table 6.11.  All of the quadrants had a radial UI that is greater than 0.94.  This 
indicates that the variation in the PM distribution shown by the red regions in Figure 6.10 
was not large enough for the radial distribution to be classified as non-uniform.  The 
variation does cause the 95th PR for quadrant 1 in axial segment 1 and quadrant 2 in axial 
segment 4 to be 39-171% higher than the other quadrants.  This shows that the developed 
analysis method quantifies PM distribution and allows for numerical analysis of the 
results, instead of relying on visual observations of plots.   
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Table 6.11: Phase 1 Test 3- Passive Oxidation Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.94 3.26 0.56 0.96 3.98 0.41 0.96 3.40 0.23 0.96 2.83 0.21 
2 0.95 3.03 0.29 0.96 3.75 0.25 0.96 3.22 0.19 0.94 2.88 0.57 
3 0.94 2.96 0.26 0.95 3.72 0.37 0.96 3.21 0.16 0.95 2.75 0.31 
4 0.95 2.96 0.28 0.96 3.82 0.49 0.96 3.26 0.24 0.94 2.67 0.41 
 
The angular PM distribution in each radial section for a Z* value of 0.125 is shown in 
Figure 6.12.  Similar to the axial PM distribution, radial section 4 had a PM density that 
was 8% lower than the other three radial sections.  In Figure 6.12, radial section 4 had the 
only non-uniform PM distribution, with an angular UI of 0.93.  However, the data in 
Table 6.12 show that radial section 1 had the only uniform PM distribution in axial 
segment 1.  The only other non-uniform angular PM distributions occur in radial sections 
3 and 4 in axial segment 4.  Those radial sections are shown to have a lot of variation in 
Figure 6.10.   The UI for radial sections 1 and 2 were 1-4% higher than radial sections 3 
and 4, indicating a more uniform PM distribution near the centerline of the substrate. 
 
Figure 6.12: Phase 1 Test 3- Passive Oxidation Angular PM Distribution in Each Radial Section 
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Table 6.12: Phase 1 Test 3- Passive Oxidation Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.94 3.41 0.73 0.97 3.89 0.60 0.98 3.34 0.58 0.95 3.19 0.82 
2 0.93 3.42 0.46 0.97 3.89 0.33 0.98 3.34 0.30 0.95 3.19 0.49 
3 0.93 3.42 0.56 0.95 3.90 0.56 0.96 3.35 0.49 0.91 3.19 0.61 
4 0.92 3.13 1.85 0.94 3.59 1.99 0.95 3.06 1.80 0.91 2.92 1.85 
 
Phase 1 Test 4: Active Regeneration 
Test 4 consisted of loading a substrate to 5.12 g/L and then performing a 600 °C active 
regeneration where 69% of the available PM was oxidized.  A substrate scan was taken at 
the completion of the active regeneration and the PM density at the time of the scan was 
1.54 g/L.  The scan results are shown in Figure 6.13.  The axial PM distribution in the 
bottom plot of Figure 6.13 shows that for the first 40% and last 10% of the axial length 
the PM density was 2.5 g/L, which is 64% higher than the substrate average.  Between 40 
and 90% of the axial length, the PM density was 0.5 g/L, which is 67% lower than the 
substrate average.  This distribution resulted in an overall axial UI of 0.80, which is the 
lowest of the five substrate scans analyzed for this work.  The overall radial UI was 0.91 
and the overall angular UI was 0.89.  Figure 6.13 shows a lot of variation in radial 
sections 3 and 4 in both the radial and angular direction, so the calculated overall UI 
values agree with the visual representation of the data. 
The axial PM distribution for each radial section is shown in Figure 6.14.  The axial UI 
was found to decrease from 0.81 in radial section 1 to 0.78 in radial section 4.  This 
indicates that radial section 4 had more variation in the axial PM distribution than the 
other 3 radial sections.  Radial section 4 had an average PM density that was 10% lower 
than the other radial sections.  This is a result similar to the other scan results.  The 95th 
PR increased in each radial section, from 0.76 in radial section 1 to 2.75 in radial section 
4.  This indicates that the PM distribution is less consistent near the edges of the 
substrate.  This result is similar to previous findings as well.  For all radial sections, the 
PM density started to decrease at a Z* value of 0.40 and then increase again at a Z* value 
of 0.85.  The axial PM distribution data in Table 6.13 show similar results.  Radial 
section 4 had the lowest UI in axial segments 1 and 2.  In axial segments 3 and 4 the UIs 
were similar for all radial sections.  In axial segments 1 and 2, 47-58% of the PM was 
oxidized (assuming a loading distribution similar to Test 1) and the PM distribution near 
the centerline was more uniform.  In axial segments 3 and 4, the amount of PM oxidized 
increased to 80-90% and the PM distribution had a similar uniformity in all radial 
sections.  This indicates that as the amount of PM oxidized increases, the amount of 
variation in the PM distribution in each radial section becomes similar. 
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Figure 6.13: Phase 1 Test 4- Active Regeneration Scan Results 
 
 
Figure 6.14: Phase 1 Test 4- Active Regeneration Axial PM Distribution in Each Radial Section 
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Table 6.13: Phase 1 Test 4- Active Regeneration Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.78 2.49 1.08 0.86 2.04 0.78 0.80 0.52 0.30 0.81 0.99 0.66 
2 0.78 2.50 1.71 0.84 2.04 1.74 0.80 0.52 0.65 0.80 0.99 1.08 
3 0.76 2.51 2.41 0.83 2.05 2.18 0.79 0.55 1.17 0.79 1.02 1.56 
4 0.72 2.26 4.33 0.81 1.82 3.19 0.81 0.48 1.42 0.80 0.88 1.77 
 
The radial PM distribution data for the four quadrants and four axial segments are shown 
in Table 6.14.  Axial segment 3 was the only axial segment to have a uniform radial 
distribution.  This agrees with the PM distribution show in Figure 6.13 for a Z* value of 
0.625.   
Table 6.14: Phase 1 Test 4- Active Regeneration Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.86 2.43 0.99 0.93 2.08 0.54 0.96 0.53 0.36 0.93 0.91 0.34 
2 0.90 2.42 0.71 0.90 2.15 0.92 0.95 0.55 0.25 0.92 0.87 0.41 
3 0.88 2.21 1.17 0.92 1.81 1.05 0.96 0.57 0.22 0.92 0.92 0.35 
4 0.86 2.07 0.82 0.89 1.91 0.26 0.95 0.44 0.26 0.92 0.92 0.21 
 
The angular PM distribution in each radial section for a Z* value of 0.125 is shown in 
Figure 6.15.  Radial sections 1 and 2 have an angular UI above 0.94, indicating a uniform 
PM distribution.  However, the data in Table 6.15 show that none of the radial sections 
had a uniform PM distribution in axial segment 1.  Radial section 1 did have an angular 
PM distribution that was uniform in axial segments 2-4, and radial section 2 was uniform 
in axial segment 3.  The other UIs were not uniform, indicating a more uniform PM 
distribution exists near the center of the substrate.  Radial section 4 had a PM density that 
was 9% lower than the other three radial sections.  Table 6.15 shows that this was true for 
all axial segments.   
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Figure 6.15: Phase 1 Test 4- Active Regeneration Angular PM Distribution in Each Radial Section 
Table 6.15: Phase 1 Test 4- Active Regeneration Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.91 2.49 0.90 0.96 2.04 0.75 0.98 0.52 0.63 0.95 0.99 0.76 
2 0.88 2.50 0.70 0.91 2.04 0.62 0.96 0.52 0.43 0.93 0.99 0.68 
3 0.84 2.51 1.41 0.88 2.05 1.51 0.93 0.55 0.72 0.90 1.02 1.18 
4 0.77 2.26 2.60 0.85 1.82 2.17 0.92 is th0.90 0.90 0.89 0.88 1.40 
 
 Changes in the PM Density Calculation Process 6.2.
After Phase 1 of the experimental study discussed in this thesis was completed, changes 
were made to the way in which the PM density in the substrate was calculated, based on 
the raw data from the TAS7000.  A problem with the software that was originally used 
with the TAS7000 to calculate the PM density meant that a new method to calculate the 
PM density had to be developed, which was discussed in section 4.1.  The results from 
the new method were compared to data sets that were processed using the original 
software to determine if there were any changes in the results of the substrate scan due to 
the new processing method.  The results of the comparison are presented in this section.  
One of the main differences between the new and old PM density calculation methods is 
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that the new method does not have the ability to distinguish between the carbonaceous 
PM and ash loading. Therefore, the new method measures the density of the PM, 
including carbonaceous and ash content.  The tests that were used for the comparison did 
not have ash loading above 4 grams, or 0.3 g/L, so any effect of the ash content is 
considered minimal. 
The first result was taken from the loading scan of Test 1 from the Phase 2 test matrix 
(section 5.2).  The difference between the new data set and the original data set is shown 
in Figure 6.16.  The approach to the plot is identical to the plots shown in section 6.1.  
The Z* values for the top four subplots are 0.128, 0.376, 0.624, and 0.872.  The 
difference in the PM density is shown in grams per liter.  A positive value indicates that 
the new PM density calculation method produced a PM density that was higher than the 
old method.  A negative value indicates that the new PM density calculation method 
produced a PM density that was lower than the old method. The results in Figure 6.16 
show that the center portion of the substrate had a calculated PM density that was higher 
with the new method.  The maximum difference in the density analysis was found to be 
0.50 g/L, or 18%, in radial section 4 of axial segment 1.  As discussed in section 6.1, 
there may be additional error in the data near the edges of the substrate caused by how 
the terahertz wave enters the substrate.  The original PM density calculation process may 
have accounted for some of those errors.  Radial sections 1-3 had differences of 0.06 to 
0.15 g/L, or 2-6%. The average difference for the entire substrate was 0.17 g/L, or 5.4%. 
 
Figure 6.16: Phase 2 Test 1- Loading Difference in Scan Results 
The new method of calculating the PM density in the substrate resulted in a more 
accurate calculation of total amount of PM retained in the substrate.  For Test 1 of Phase 
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2, the old method calculated the PM retained to be 2.08 grams lower than the measured 
value, which is a difference of 4%.  The new analysis method calculated the PM retained 
to be 1.32 grams higher than the measured value, which is a difference of 2.5%. 
The second result was taken from the passive oxidation scan in Test 1 of the Phase 2 test 
matrix.  The differences for this test are shown in Figure 6.17.  The results are similar to 
the results in Figure 6.16.  The data show that a maximum difference of 0.34 g/L, or 13%, 
occurred in radial section 4 of axial segment 2.  Radial sections 1-3 had differences in the 
range of 0.05-0.15 g/L, or 1-5%.  The overall difference was 0.17 g/L, or 5.1%.  The 
calculated PM loading went from being 2.8% lower than the measured value to 2.3% 
higher than the measured value.  This is not as significant of an improvement in the 
calculated PM density as what was found for the loading scan from Test 1 of Phase 2. 
 
Figure 6.17: Phase 2 Test 1- Passive Oxidation Difference in Scan Results 
The difference between the new method of calculating the PM density and the old 
method was calculated for seven additional data sets.  These data sets were from the 
scanning repeatability and shipping orientation tests mentioned in section 5.2.  These 
tests were completed using the substrate from Test 4 of Phase 1, shown in Figure 6.13.  
The differences in these tests were more significant than the differences calculated for the 
two scans from Test 1.  The difference data collected from the repeatability tests had PM 
densities that were lower in the front half of the substrate and higher in the back half of 
the substrate, with all radial sections having a similar amount of difference.  Axial 
segments 1 and 2 had PM densities that were -0.81 to -0.02 g/L, or -27 to -1%, different 
with the new PM density calculation method, than the old PM density calculation 
method.  Axial segments 3 and 4 were 0.30-0.57 g/L, or 47-147%, higher with the new 
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PM density calculation method.  Unlike the data sets from Test 1 of Phase 2, the 
differences for the repeatability tests are significant.  One additional difference in the 
processing of the new PM density calculation method and the original PM density 
calculation method for the repeatability data sets is the number axial sections that were 
used.  The original PM density calculation method used 64 axial sections, and the new 
PM density calculation method used 63.  It is unknown why the number of axial sections 
produced by the TAS7000 was different, but that could have an effect on the comparison 
between the old and new PM density calculation methods. 
The difference data from the shipping orientation tests show a trend similar to the 
difference data from the repeatability tests.  Axial segments 1 and 2 had average PM 
densities that were -1.11 to -0.19 g/L, or -34 to -10%, different with the new PM density 
calculation method, in all radial sections.  Axial segments 3 and 4 had average PM 
densities that were 0.29-0.52 g/L, or 38-125%, higher with the new PM density 
calculation method.  The number of axial sections used in the new PM density calculation 
method for the shipping orientation tests was 63, similar to the repeatability tests.  This 
may be a source of additional difference in the data set. 
The new PM density calculation method produced results that were comparable to the 
method originally used with the TAS7000 data for the data sets from Test 1 of Phase 2, 
which had an identical number of axial sections used in the PM density calculation 
methods.  The data from the repeatability and shipping orientation tests were significantly 
different.  The differences between the new and the old calculation method is likely 
caused in part by the absence of the data blending algorithm used in the old calculation 
method used with the TAS7000 data [46].  The effect of the blending factor on the PM 
distribution trends is unknown.  The differences between the original and new PM 
density calculation methods were greater when the PM density in the substrate was lower, 
so the blending factor may have had more of an impact on the PM distribution at lower 
average substrate PM densities.  The PM density in the substrate was between 3.08 and 
3.25 g/L for the data sets from Test 1 of Phase 2.  The PM density in the substrate for the 
shipping orientation and repeatability tests was 1.42 g/L.  The small amount of difference 
that was found in the data sets analyzed from Test 1 of Phase 2 indicates that the new PM 
density calculation method worked.  All of the data from the Phase 1 work was analyzed 
using the original PM density calculation method.  All of the data from the Phase 2 work 
was analyzed using the new PM density calculation method.   
 Advantest TAS7000 Repeatability 6.3.
The TAS7000 that was used to scan the substrates for the PM loading was a new 
instrument and therefore it was important to understand repeatability of the 
measurements.  The repeatability was measured by scanning one substrate multiple times.  
Section 5.2 describes the one planned repeatability test that used the substrate from Test 4 
of Phase 1 (Figure 6.13).  For this test, the substrate was scanned five times.  Two other 
repeatability tests were performed over the duration of the experimental work.  One 
repeat scan was performed on the substrate used for the passive oxidation scan from Test 
1 of Phase 2, and one repeat scan was performed on the substrate used for the passive 
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oxidation scan from Test 7 of Phase 2.  All of the PM density calculations were 
completed using the new method that was described in section 4.1.  As a result, the data 
shown in this section is the measurement of the carbonaceous and ash content in the 
substrate.   
The repeatability of the TAS7000 was analyzed by averaging the data from the multiple 
scans together, and calculating the 95% confidence interval (CI) for the average value.  
The Central Limit Theorem was used to calculate the 95% CI.  Due to the low number of 
repeat samples taken, a t-distribution was used to calculate the 95% CI.  The equation 
used for this was found in reference [41] as equation 8.2.  Instead of presenting the 95% 
CI as upper and lower limits, the absolute amount of variation in the data set will be 
presented.  The absolute amount of variation is calculated using Eq. 6.1, which is based 
on equation 8.2 in reference [41]. 
 ܥܫ = ݐ௡ିଵ
ݏ
√݊ Eq. 6.1 
In Eq. 6.1, ݐ௡ିଵ is the critical value of the t-distribution needed for the desired CI, ݏ is the 
standard deviation of the sample, and ݊ is the number of samples.  The value of ݐ௡ିଵ is 
taken from tables and uses ݊ − 1 degrees of freedom.  The absolute value of the 95% CI 
is calculated, instead of the upper and lower limits of the sample mean, since the goal is 
to evaluate the repeatability of the TAS7000.  A lower value for the 95% CI indicates a 
more repeatable system. 
The 95% CI that was calculated for the repeat scans taken on the substrate used for Test 4 
of Phase 1 is plotted in Figure 6.18.  The largest 95% CI occurs before a Z* value of 
0.25.  There may be a shift in the data around Z*=0.25, so data between Z* values of 0 
and 0.25 should not be considered accurate.  The overall 95% CI was calculated to be 
±0.19 g/L.  The average PM density in the substrate at the time of this scan was 1.42 g/L, 
and the 95% CI is 14% of the average PM density in the substrate. 
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Figure 6.18: Repeat Scans of the Phase 1 Test 4 Scan Active Regeneration Scan 
The 95% CI that was calculated for the repeat scans on the substrate used for the passive 
oxidation scan from Test 1 of Phase 2 is shown in Figure 6.19.  The overall 95% CI was 
calculated to be ±0.62 g/L.  This is 223% higher than the 95% CI for the repeat scans 
from Test 4 of Phase 1.  One hypothesis as to why the 95% CI is larger is that the 
coefficient of correlation for the data from the passive oxidation scan of Test 1 of Phase 2 
had more variation in it than similar data sets.  All of the coefficient of correlation plots 
for the data collected are shown in Appendix L.  The increased amount of variation in the 
coefficient of correlation indicates that there is additional noise, or possible shifting, in 
the collected data.  The notes associated with this substrate scan, and the data associated 
with this substrate scan, indicate that the TAS7000 did function correctly during the data 
collection.  Therefore, the data set from this substrate scan is representative of normal 
TAS7000 operation.   The data in Figure 6.19 show that all areas of the substrate had an 
increased 95% CI.  The average PM density in the substrate at the time of the scan was 
3.25 g/L and the 95% CI is 19% of the average PM density in the substrate. 
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Figure 6.19: Repeat Scans of the Phase 2 Test 1 Passive Oxidation Scan 
 
The 95% CI for the repeat scans taken from the substrate used for the passive oxidation 
scan in Test 7 of Phase 2 is shown in Figure 6.20.  This result shows a similar amount of 
variation as Figure 6.18.  The overall 95% CI was calculated to be ±0.11 g/L.  This is 
42% lower than the 95% CI for the repeat scans of Test 4 from Phase 1.  The data used to 
calculate this 95% CI does not show any indicating of shifts.  This indicates that the 
minimum 95% CI for the TAS7000 is ±0.11 g/L.  The average PM density in the 
substrate at the time of the scan was 1.85 g/L, and the 95% CI is 6% of the average value.  
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Figure 6.20: Repeat Scans of the Phase 2 Test 7 Passive Oxidation Scan 
The average 95% CI for all three data sets that were used to analyze the repeatability of 
the TAS7000 was ±0.31 g/L. Two of those data sets had 95% CI values between ±0.11 
and 0.19 g/L, with the third data set having a 95% CI value of ±0.62 g/L.  For the work 
performed for this thesis, the overall 95% CI of ±0.31 g/L will be considered while 
analyzing data sets.  The higher 95% CI value of ±0.62 g/L is included in the 
repeatability analysis because the TAS7000 worked as intended, without any problems, 
during those scans.  Therefore, there is no reason to exclude that data from the repeats of 
the passive oxidation scan for Test 1 of Phase 2.  Using the 95% CI value from the 
passive oxidation scans from Test 1 of Phase 2 allows the overall 95% CI to be 
representative of the repeatability of the TAS7000 under standard operating conditions.  
The significance of the 95% CI is that it indicates the point at which two data values can 
be said to be different.  If the difference between the two data points is within the 95% 
CI, the difference is within the measurement repeatability of the system and the 
difference should not be considered significant.   
 Effect of Substrate Shipping Orientation  6.4.
The substrates that were used to study the PM distribution trends had to be shipped to 
Cummins to be scanned by the TAS7000, as mentioned in section 3.5.  All of the 
substrates were shipped to Cummins with the inlet of the substrate facing upward.  To 
determine if the shipping orientation impacted the PM distribution, a shipping test was 
conducted.  The details of this test are given in section 5.2.  The shipping orientation tests 
were conducted using the substrate that was used for the active regeneration scan in Test 
4 of Phase 1.  The substrate was shipped with the inlet facing upward, to the side, and 
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downward.  The shipping test was completed in this order so that the first substrate scan 
would be similar to the previous substrate scans, since all previous substrates were 
shipped with the inlet up.  The differences between the inlet to the side and inlet up 
orientations and the inlet down and inlet to the side orientations were calculated to 
determine the effect of the shipping orientation on the PM distribution.  All of the PM 
density calculations performed for this test used the new PM density calculation method 
discussed in section 4.1.  The measurements shown represent the density of the 
carbonaceous and ash content in the substrate. 
The differences in the axial PM distribution between the inlet to the side shipping 
orientation and the inlet up shipping orientation are shown in Table 6.16.  A negative 
value indicates that the inlet to the side shipping orientation had a lower PM density in 
that location.  Each axial segment and radial section show that the PM distribution 
changed.  However, the differences are within the 95% CI that was established for the 
TAS7000.  Therefore, there are no significant differences in the PM distribution that 
resulted from shipping the substrate with the inlet to the side and shipping the substrate 
with the inlet up.  The differences in the PM density were between -12 and 4% of the 
average PM density in the substrate. 
Table 6.16: Difference Between Inlet to the Side and Inlet Up Orientations 
Average Difference in PM Density in Each Axial Segment (g/L) 
1 2 3 4 
R
ad
ia
l 
Se
ct
io
n 1 -0.17 -0.12 0.03 0.05 
2 -0.17 -0.12 0.03 0.05 
3 -0.17 -0.12 0.03 0.05 
4 -0.16 -0.12 0.03 0.05 
 
The differences in the axial PM distribution between the inlet down and inlet to the side 
shipping orientations are shown in Table 6.17.  A negative value indicates that the inlet 
down shipping orientation had a lower PM density in that location.  Each axial segment 
and radial section shows differences in the PM distribution.  The differences in each axial 
segment are within the 95% CI of the TAS7000 data.  This indicates that the PM 
distribution did not change significantly after shipping the substrate with the inlet down.  
The differences in the PM density were between -15 and 10% of the average PM density 
in the substrate. 
Table 6.17: Difference Between Inlet Down and Inlet to the Side Orientations 
Average Difference in PM Density in Each Axial Segment (g/L) 
1 2 3 4 
R
ad
ia
l 
Se
ct
io
n 1 -0.21 0.14 0.12 -0.12 
2 -0.21 0.14 0.12 -0.12 
3 -0.21 0.14 0.12 -0.12 
4 -0.18 0.15 0.13 -0.10 
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These results indicate that the shipping orientation of the substrate should be consistent, 
since minor changes in the PM distribution may occur, but the shipping orientation is not 
critical.  Shipping the substrate with the inlet up, inlet to the side, and inlet down all 
produced similar results.  It is worth noting that the shipping test was completed nine 
months after Test 4 of Phase 1 was completed due to problems with the TAS7000.  The 
effect of that time on the PM is not known.  The PM distributions that were measured for 
the tests described in sections 5.1 and 5.2 show that the loaded PM did not all end up at 
the outlet of the substrate (Figures 6.4, 6.7, 6.10, and 6.13).  This indicates that shipping 
the substrate with the inlet up did not cause all of the PM loaded in the substrate to 
migrate towards the outlet.  The effect of shipping the substrate with the inlet pointed 
upward cannot be quantified based on the results that were found.  Although the shipping 
orientation did not affect the PM distribution, it is recommended to ship the substrate 
with the inlet up or to the side to prevent any possible loss of PM.  
 PM Distribution Trends after Loading 6.5.
This section presents the results of the scans taken of substrates that were loaded with 
PM.  A total of four scans were taken after substrates were loaded with PM.  Two 
different size CPFs were used, and two different PM density levels were achieved.  The 
first scan of a PM loaded substrate was presented in section 6.1.  This was the loading 
scan from Test 1 of Phase 1.  The results from Phase 2 will be presented in this section 
and comparisons will be made.  The TAS7000 data from Phase 2 was processed using the 
new PM density calculation method.  Therefore, all of the Phase 2 tests results show the 
PM density, including the carbonaceous and ash content, in the substrate.  For reference, 
the engine conditions used to load the substrates for the tests in Phase 1 and 2 were the 
“Loading” EOC and EOC B, respectively, and are presented in Tables 5.2 and 5.8, 
respectively.  The important parameters from the loading tests are summarized in Table 
6.18.  The main parameter of interest during the loading tests was the PM density in the 
substrate after loading.  The full test descriptions are provided in Chapter 5, and the full 
test summaries are provided in Appendix E.  The tables of data that were presented for 
the tests in section 6.1 provided a better representation of the data for the entire substrate 
than the plots of the axial and angular PM distribution in each radial section.  Therefore, 
the scan results and tables of data will be given in the main body of this thesis hereafter.  
Additional PM distribution plots can be found in Appendix K.   
Table 6.18: Loading Test Summaries 
Engine Test 
CPF 
Space 
Velocity 
Average 
CPF 
Temp. 
Engine 
Out PM 
Conc. 
NO2 
Conc. 
into the 
CPF 
O2 
Conc. 
into the 
CPF 
PM 
Density 
after 
Loading 
1k/hr °C mg/scm mg/scm % g/L 
ISB Phase 1 Test 1 310 311 59.5 97.1 13.2 4.96 
ISL 
Phase 2 Test 1 200 263 21.4 52.2 14.0 3.08 
Phase 2 Test 6 213 272 21.1 60.6 13.4 2.81 
Phase 2 Test 6 
Second Loading 222 275 20.9 42.5 13.5 5.18 
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Phase 2 Test 1: Loading 
The first loading result presented is from Test 1 of Phase 2.  Three substrate scans were 
taken during Test 1 of Phase 2: one baseline, one after loading, and one after a passive 
oxidation.  The PM density in the substrate at the time of the loading scan was 3.08 g/L.  
The result of this scan is shown in Figure 6.21.  The overall axial UI was 0.90, which is 
similar to the overall axial UI for Test 1 of Phase 1.  The PM density distribution is 
different between the two tests however.  The axial PM distribution data are provided in 
Table 6.19.  Test 1 of Phase 1 shows an increasing PM density in all axial segments 
(Table 6.1).  For Test 1 of Phase 1, the PM density in axial segment 1 was 5% lower than 
the substrate average and in axial segment 4 it was 3% higher than the substrate average. 
For Test 1 of Phase 2, axial segments 1 and 4 had a PM density that was 12-15% higher 
than the substrate average and axial segments 2 and 3 had a PM density that was 0-7% 
lower than the substrate average.  Axial segment 2 was the only axial segment to have a 
uniform axial PM distribution.  The measured distribution for Test 1 of Phase 2 is similar 
to the predicted distribution shown in Figure 2.6.  Radial section 4 has a 95th PR that is 
32-179% greater than the other radial sections.  This increase is likely due to the effect of 
the terahertz wave entering the edge of the substrate that was discussed in section 6.1.  In 
general, radial section 1 had the lowest 95th PR, which indicates that the PM distribution 
near the centerline of the substrate is more consistent than near the edges of the substrate.  
The temperature distribution plot shown in Figure I.6 shows that the temperature of the 
outer edges of the substrate was 25 °C lower than the centerline and there was minimal 
temperature variation in the axial direction. 
 
Figure 6.21: Phase 2 Test 1- Loading Scan Results 
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Table 6.19: Phase 2 Test 1- Loading Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.92 3.49 0.22 0.95 3.07 0.23 0.90 2.86 0.33 0.87 3.55 0.24 
2 0.92 3.49 0.30 0.95 3.07 0.27 0.90 2.86 0.40 0.86 3.55 0.51 
3 0.92 3.49 0.36 0.95 3.07 0.28 0.90 2.86 0.38 0.86 3.55 0.51 
4 0.92 3.23 0.53 0.94 2.85 0.50 0.90 2.66 0.53 0.87 3.29 0.67 
 
The overall radial UI was 0.96 for the loading scan from Test 1 of Phase 2.  This is 
identical to the overall UI for the loading scan from Test 1 of Phase 1.  The radial PM 
distribution data for the loading scan for Test 1 of Phase 2 are given in Table 6.20.  All of 
the quadrants in all of the axial segments had a uniform distribution.  This is consistent 
with the distributions shown in Figure 6.21, as there was not a large variation in the PM 
distribution in the radial direction. 
Table 6.20: Phase 2 Test 1- Loading Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.96 3.08 0.19 0.96 3.02 0.10 0.96 2.83 0.10 0.95 3.30 0.21 
2 0.95 3.13 0.11 0.95 3.01 0.11 0.96 2.80 0.12 0.95 3.36 0.26 
3 0.97 3.15 0.15 0.98 3.01 0.08 0.98 2.80 0.08 0.97 3.42 0.18 
4 0.97 3.14 0.11 0.97 3.01 0.09 0.97 2.81 0.09 0.96 3.42 0.15 
 
The overall angular UI for the loading scan from Test 1 of Phase 2 was 0.97.  This is 
similar to the overall angular UI for the loading scan from Test 1 of Phase 1.  The angular 
PM distribution data for the loading scan from Test 1 of Phase 2 are given in Table 6.21.  
Radial section 4 had an average PM density that was 7% lower than radial sections 1-3. 
The 95th PR is 411-1218% greater for radial section 4 than the other radial sections.  The 
lower average PM density and higher 95th PR is caused by sample points on the edge of 
the substrate having a PM density of 0 g/L.  
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Table 6.21: Phase 2 Test 1- Loading Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.98 3.49 0.28 0.98 3.07 0.28 0.97 2.86 0.35 0.98 3.55 0.38 
2 0.97 3.49 0.17 0.98 3.07 0.16 0.97 2.86 0.21 0.96 3.55 0.25 
3 0.97 3.49 0.17 0.98 3.07 0.16 0.97 2.86 0.18 0.96 3.55 0.19 
4 0.96 3.23 2.24 0.96 2.85 1.93 0.96 2.66 1.79 0.95 3.29 2.27 
 
Phase 2 Test 6: Loading 
The third loading scan was taken from Test 6 of Phase 2.  There were two substrate scans 
performed during Test 6, and both of them were for PM loading only. The substrate was 
loaded to 2.81 g/L and then the first substrate scan was performed.  The result of this scan 
is shown in Figure 6.22.  The overall axial UI was 0.94, indicating a uniform distribution.  
This is 4-6% higher than the two previous loading scans that were analyzed.  The axial 
PM distribution data is presented in Table 6.22.  Axial segments 1-3 had a uniform 
distribution, indicating that the average PM density in those segments was near the 
average PM density for the substrate.  The actual deviation from the substrate average in 
those axial segments was 0-2%.  The actual differences between axial segments 1-3 are 
within the 95% CI of the TAS7000 data.  Axial segment 4 had a PM density that was 7% 
higher than the substrate average.  This distribution trend is different than the trends 
found for the loading scans from Test 1 of Phase 1 and Test 1 of Phase 2.  Test 1 of Phase 
1 showed a continually increasing PM density in the axial direction, and Test 1 of Phase 
2 had a higher PM density in axial segment 1 than axial segments 2 and 3.  The 95th PR 
for radial section 1 was 3-78% lower than the other radial sections, which indicates that 
the PM distribution near the centerline of the substrate was more consistent than near the 
edges of the substrate.  The temperature distribution plot shown in Figure I.13 shows that 
the temperature of the outer edges of the substrate was 25 °C lower than the centerline 
and there was minimal temperature variation in the axial direction. 
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Figure 6.22: Phase 2 Test 6- Loading Scan Results 
 
Table 6.22: Phase 2 Test 6- Loading Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.94 2.79 0.09 0.99 2.82 0.13 0.95 2.74 0.23 0.91 3.02 0.18 
2 0.94 2.79 0.11 0.99 2.82 0.14 0.95 2.74 0.31 0.91 3.02 0.38 
3 0.94 2.79 0.18 0.98 2.82 0.18 0.95 2.74 0.33 0.91 3.01 0.42 
4 0.94 2.61 0.41 0.97 2.64 0.34 0.95 2.57 0.39 0.92 2.82 0.41 
 
The radial distribution was uniform, with an overall radial UI of 0.97.  The radial 
distribution data are given in Table 6.23.  All of the quadrants in each axial segment had 
a UI above 0.94, indicating a uniform distribution.  This is consistent with the data shown 
in Figure 6.22.  The average PM density in each quadrant was less than 2% different than 
the average PM density for the axial segment, indicating each quadrant was similarly 
loaded. 
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Table 6.23: Phase 2 Test 6- Loading Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.97 2.73 0.09 0.97 2.80 0.12 0.97 2.71 0.13 0.96 2.97 0.19 
2 0.96 2.69 0.12 0.97 2.75 0.11 0.97 2.65 0.10 0.96 3.02 0.18 
3 0.97 2.72 0.17 0.97 2.77 0.16 0.96 2.71 0.16 0.95 3.05 0.13 
4 0.97 2.72 0.11 0.97 2.78 0.10 0.97 2.71 0.11 0.96 3.06 0.12 
 
The overall angular UI was 0.97 as well, indicating a uniform distribution.  The angular 
PM distribution data are given in Table 6.24.  Each radial section in the axial segments 
had a UI above 0.94.  Radial section 4 had a PM density that was 6-7% lower than radial 
sections 1-3.  This is similar to the results from the other loading scans.  The 95th PR for 
radial section 1 was 28-63% higher than radial sections 2 and 3.  This is consistent with 
findings from other tests. 
Table 6.24: Phase 2 Test 6- Loading Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.98 2.79 0.11 0.99 2.82 0.11 0.97 2.74 0.15 0.98 3.02 0.16 
2 0.98 2.79 0.07 0.99 2.82 0.07 0.96 2.74 0.10 0.96 3.02 0.11 
3 0.98 2.79 0.08 0.98 2.82 0.08 0.97 2.74 0.10 0.96 3.01 0.11 
4 0.97 2.61 1.67 0.97 2.64 1.70 0.96 2.57 1.65 0.96 2.82 1.83 
 
Phase 2 Test 6: Second Loading 
The final loading scan that will be presented is the second scan taken during Test 6 of 
Phase 2.  After the first scan from Test 6 was completed with a PM loading of 2.81 g/L, 
the substrate was loaded to 5.18 g/L.  A second scan was taken at this point, which can be 
compared with the loading scan from Test 1 of Phase 1.  This scan will be referred to as a 
second loading since it was a continuation of the initial loading, without performing a 
passive oxidation or active regeneration stage.  The scan results for the second loading 
processing are shown in Figure 6.23.  The overall axial UI was 0.89, indicating a non-
uniform distribution.  This is identical to the overall axial UI for Test 1 of Phase 1.  The 
axial PM distribution data are given in Table 6.25.  For the second loading of Test 6, the 
PM density in the axial segment 1 was 1% lower than the substrate average and the PM 
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density in axial segment 4 was 19% higher than the substrate average.  Axial segment 3 
does not follow the trend of an increasing PM density in each axial segment, like what 
was found for the loading scan from Test 1 of Phase 1.  Axial segment 3 had a PM 
density that was 2% lower than axial segment 2.  Axial segments 1-3 have a range of PM 
densities that are within the 95% CI of the TAS7000 data, which means the exact PM 
distribution trend between those axial segments cannot be precisely understood.  Overall 
the PM distribution trend for the loading scan from Test 1 of Phase 1 and the second 
loading scan from Test 6 of Phase 2 are similar.  The 95th PR for radial section 1 was 21-
73% lower than the other radial sections, indicting a more consistent PM distribution near 
the centerline of the substrate.  The temperature distribution plot shown in Figure I.14 
shows that the temperature of the outer edges of the substrate was 25 °C lower than the 
centerline and there was minimal temperature variation in the axial direction. 
 
 
 
Figure 6.23: Phase 2 Test 6- Second Loading Scan Results 
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Table 6.25: Phase 2 Test 6- Second Loading Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.90 5.14 0.28 0.97 5.33 0.32 0.94 5.24 0.66 0.83 6.17 0.60 
2 0.89 5.14 0.46 0.96 5.33 0.57 0.94 5.24 0.85 0.82 6.17 1.14 
3 0.89 5.14 0.56 0.96 5.33 0.53 0.94 5.24 0.83 0.82 6.17 1.23 
4 0.89 4.68 1.06 0.95 4.86 0.88 0.94 4.78 0.97 0.84 5.61 1.01 
 
The overall radial UI was 0.95 for the second loading scan from Test 6 of Phase 2.  This 
is similar to the overall radial UI for Test 1 of Phase 1.  The radial distribution data are 
given in Table 6.26.  Every quadrant, except quadrants 1 and 2 in axial segment 4, had a 
UI above 0.94, indicating the radial distributions are uniform.  In quadrants 1 and 2 in 
axial segment 4 the UI was 0.93.  In Figure 6.23, the plot for a Z* value of 0.872 shows 
variation in the PM density in quadrants 1 and 2.  This agrees with the calculated UI. 
Table 6.26: Phase 2 Test 6- Second Loading Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.95 4.59 0.24 0.94 5.29 0.34 0.95 5.17 0.29 0.93 5.61 0.60 
2 0.94 4.57 0.34 0.95 5.15 0.36 0.95 5.02 0.33 0.93 5.74 0.42 
3 0.96 4.64 0.38 0.97 5.19 0.36 0.95 5.19 0.45 0.94 5.90 0.47 
4 0.96 4.64 0.34 0.96 5.23 0.28 0.96 5.12 0.27 0.94 5.81 0.32 
 
The overall angular UI was 0.95 for the second loading scan from Test 6 of Phase 2, 
which is similar to the overall angular UI for the loading scan from Test 1 of Phase 1.  
The angular PM distribution data are given in Table 6.27.  All radial sections, except for 
radial sections 2 and 3 in axial segment 4, had a UI above 0.94.  Radial sections 2 and 3 
had a UI of 0.93, indicating a non-uniform distribution.  Radial section 4 had a PM 
density that was 9% lower than radial sections 1-3, which is similar to the other tests. 
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Table 6.27: Phase 2 Test 6- Second Loading Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.96 5.14 0.50 0.98 5.33 0.49 0.96 5.24 0.58 0.96 6.17 0.70 
2 0.97 5.14 0.33 0.97 5.33 0.32 0.95 5.24 0.38 0.93 6.17 0.47 
3 0.96 5.14 0.36 0.97 5.33 0.34 0.96 5.24 0.35 0.93 6.17 0.39 
4 0.95 4.68 3.97 0.96 4.86 4.04 0.95 4.78 3.97 0.94 5.61 4.90 
 
The processing that was done on both data sets from Test 6 of Phase 2 was slightly more 
complicated than the other data sets.  Since there was no oxidation stage in Test 6, the 
value of ݓഥ  was not as easily defined.  The results that are presented in this section use the 
PM density at the time of the scan for the value of ݓഥ , to allow the two data sets to be 
compared to the other PM loading data sets from Test 1 of Phases 1 and 2.  If the final 
PM density in the substrate, 5.18 g/L, was used to process the first loading scan from Test 
6, the UI values increase 1-3% and the distribution is still classified as uniform.  
Processing the data in this way is useful when trying to understand how the uniformity of 
the PM distribution changes as a function of loading.  The results of this processing show 
that the first loading scan from Test 6 of Phase 2 had an overall axial UI of 0.97, and the 
overall axial UI decreased by 8% to 0.89 for the second loading scan from Test 6 of 
Phase 2.  The radial and angular overall UIs decreased by 3% from the first loading scan 
to the second loading scan, but remained uniform.  This indicates that the uniformity of 
the PM distribution decreases as the PM density increases.  If ݓഥ  was 2.81 g/L when 
processing the second scan of Test 6, the UI values would decrease 2-19%.  The overall 
radial and angular PM distributions would also become classified as non-uniform.  
Processing the results in this way is similar to how a post loading data set is processed.  
However, since there was no oxidation of the PM during Test 6, it is not appropriate to 
include those results with the post loading results as the effect of PM oxidation on the 
loading characteristics of the substrate could not be studied in that data set. 
The axial PM distribution and overall axial UI varied for each test.  The radial and 
angular PM distributions were more consistent between tests, and mostly uniform.  The 
uniformity in the radial and angular direction agrees with the research by Ranalli, et al. 
[22], Pinturaud, et al. [19], Ranalli, et al. [31], and Stratakis, et al. [23] presented in 
section 2.4.  To better understand the axial distribution trends, the PM density for each 
axial section was plotted versus the Z* values.  The result is shown in Figure 6.24 and a 
summary of each test was provided in Table 6.18.  For comparison, Figure 2.10 gives the 
PM cake thickness under loading conditions, measured for a scaled down particulate 
filter.  Phase 2 Test 6 was the lowest loading, with an average PM density of 2.81 g/L.  
Phase 2 Test 1 had a PM loading of 3.08 g/L.  The nearest loading in Figure 2.10 is     
3.17 g/L, and the trend shows a PM loading in the front half of the substrate that is 24% 
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lower than the substrate average and a PM loading in the back half of the substrate that is 
18% higher than the substrate average, which does not match the results in Figure 6.24.  
The trend shown for a loading of 5.75 g/L in Figure 2.10 is similar to the trends shown 
for the Phase 1 Test 1 and Phase 2 Test 6 Second Loading data.  The trend for Phase 2 
Test 1 is similar to the trend shown in Figure 2.6b for a space velocity of 40 s-1.  The 
trend for Phase 2 Test 6 is similar to the trend shown in Figure 2.6b for a space velocity 
of 40 s-1 as well, but the peaks at the inlet and outlet of the substrate are not as 
pronounced.  The loading test from Phase 2 Test 1 was the first test on that particular 
substrate and Phase 2 Test 6 was the second test on that particular substrate.  The 
difference in the PM distribution between the two tests could be the result of repeated 
testing on a substrate.   
The axial distribution that was found for the second loading from Test 6 of Phase 2 has 
the same trend as the first loading scan from Test 6, but the increase near the outlet of the 
substrate is greater.  Axial segment 4 had an average PM density that was 7% greater 
than the substrate for the first loading and 19% greater for the second loading.  The 
greater increase near the outlet of the substrate could be caused by the wall flow velocity 
distribution changing.  In section 2.1, the wall flow velocity distribution was shown to 
change when the permeability of the substrate and PM cake changed, or when the exhaust 
gas velocity changed.  The exhaust gas velocity increased by 3% between the first and 
second scans in Test 6 of Phase 2, which is a minor change.  Therefore, any change in 
wall flow velocity distribution would likely be caused by changes in the permeability of 
the PM cake and substrate.   
The axial PM distribution trend was similar for Test 1 of Phase 1 and the second loading 
for Test 6 of Phase 2.  This indicates that the modified engine calibration used during the 
Phase 1 loading did not have a significant impact on the PM distribution after loading.  
The space velocity for Test 1 of Phase 1 was 40% greater than the space velocity for the 
second loading of Test 6 of Phase 2, as indicated in Table 6.18.  The similarity in the 
axial PM distribution indicates that the PM distribution was not affected by the space 
velocity, when the average PM density was near 5 g/L, for these tests.  In general, the 
axial PM distribution trends in Figure 6.24 follow the wall flow velocity distribution 
shown in Figures 2.4 and 2.5.  The axial PM distribution that was experimentally 
measured was compared to the axial PM distribution produced by the MTU 1D model by 
Premchand in reference [47], and the result is shown in Figure 6.25.  In general, both the 
experimental and modeled data show an increase in the PM density near the inlet and 
outlet of the substrate.  The PM density near the outlet is higher than the PM density near 
the inlet for the three data sets.  The modeled data has a minimum density near 40% of 
the axial length and the experimental data has a minimum density near 70% of the axial 
length.  The reason for the difference is unknown.  In general, the modeled data and 
experimental data show similar trends. 
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Figure 6.24: Axial PM Distribution for all Loading Tests 
 
Figure 6.25: Axial PM Distribution Comparison Between Experimental and Modeled Data [47] 
Reprinted with Permission from Kiran Premchand’s Doctoral Dissertation  
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The overall axial UI was analyzed as a function of the PM density in the substrate.  The 
result is shown in Figure 6.26.  The data show that as the PM density in the substrate 
increases, the overall axial UI decreases.  The axial PM distribution was not uniform after 
a PM loading of 2.81 g/L.  The overall axial UI decreased by 0.01 between PM densities 
of 3 and 5.18 g/L.  These data indicate that a PM density of 2.81 g/L is the maximum to 
maintain a uniform distribution.  Additionally, the data in Figures 6.24 and 6.26 show 
that the modified engine calibration used in the loading procedure during Test 1 of Phase 
1 resulted in a similar distribution and UI as the standard engine calibration used during 
all of Phase 2.  It can also be said that the two different sized substrates that were used, 
loaded in a similar fashion. 
 
Figure 6.26: Axial UI as a Function of PM Density 
 PM Distribution Trends after Passive Oxidation 6.6.
This section presents the results from the five substrate scans that were taken after 
passive oxidation conditions were run on PM loaded substrates.  The substrate scans were 
completed with two different size substrates and three engine conditions were used for 
the passive oxidations.  The first passive oxidation scan result is shown in section 6.1, in 
Figure 6.10.  That passive oxidation used the “Oxidation” EOC presented in Table 5.2.  
The four passive oxidation tests that were completed as part of Phase 2 are presented in 
this section.  The Phase 2 tests were processed using the new PM density calculation 
process, so the data in this section give the density of the PM, including the carbonaceous 
and ash content, in the substrate.  Tests 1, 7, and 8 were all conducted at EOC F, and Test 
9 was conducted using EOC A as the passive oxidation engine condition.  The parameters 
of EOCs F and A are given in Table 5.8.  Table 6.28 provides a summary of the main 
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parameters for the five passive oxidation tests.  The average CPF temperature for EOC F 
was 348 °C and the NO2 concentration into the CPF was 99 ppm or 186 mg/scm.  The 
average CPF temperature for EOC A was 256 °C and the NO2 concentration into the CPF 
was 200 ppm or 380 mg/scm.  The main parameters that were changed among the passive 
oxidation tests were the mass of the available PM that was oxidized and the density of the 
PM prior to the passive oxidation.  The space velocities, NO2 concentrations, and reaction 
rates varied between tests as well.  The full test descriptions are provided in Chapter 5 
and the full test summaries are provided in Appendix E.  A comparison of the reaction 
rates listed in Table 6.28 to the reaction rates for other passive oxidation tests can be 
found in Appendix F. 
Table 6.28: Passive Oxidation Test Summaries 
Engine Test 
CPF 
Space 
Velocity 
Average 
CPF 
Temp. 
Engine 
Out PM 
Conc. 
NO2 
Conc. 
into the 
CPF 
O2 
Conc. 
into 
the 
CPF 
PM 
Density 
before 
Passive 
Oxidation 
Percent 
of 
Available 
PM 
Oxidized 
PM 
Density 
at Time 
of Scan 
Reaction 
Rate 
1k/hr °C mg/scm mg/scm % g/L - g/L 1/s 
ISB Phase 1 Test 3 177 372 8.3 480.7 7.9 5.81 44.9% 3.33 1.95E-04 
ISL 
Phase 2 
Test 1 153 349 6.5 187.5 8.7 3.59 21.5% 3.25 0.52E-04 
Phase 2 
Test 7 150 353 10.1 175.1 8.7 3.23 64.5% 1.85 1.14E-04 
Phase 2 
Test 8 151 348 7.9 195.8 8.8 3.57 28.0% 3.25 0.74E-04 
Phase 2 
Test 9 89 256 5.8 379.8 12.5 3.13 5.6% 3.51 0.10E-04 
 
Phase 2 Test 1: Passive Oxidation 
The third substrate scan that was taken during Test 1 of Phase 2 was taken after a passive 
oxidation experiment.  The substrate was loaded to 3.59 g/L and then a passive oxidation 
was performed using EOC F, from Table 5.8, for 81 minutes.  This resulted in 22% of the 
available PM being oxidized.  The PM density at the time of the scan was 3.25 g/L.  The 
result of this scan is shown in Figure 6.27.  The results of the substrate scan taken after 
loading the substrate are shown in Figure 6.21.   
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Figure 6.27: Phase 2 Test 1- Passive Oxidation Scan Results 
The overall axial UI was 0.89 for the passive oxidation scan from Test 1 of Phase 2.  For 
comparison, the overall axial UI after loading the substrate was 0.90.  The axial PM 
distribution data are provided in Table 6.29.  The PM distribution trend after passive 
oxidation is similar to the trend found after loading, which is given in Table 6.19.  The 
average PM density in axial segment 1 was 4% higher than the substrate average and in 
axial segment 4 it was 21% higher than the substrate average.  At the time of the loading 
scan, axial segments 1 and 4 were 12 and 15% higher than the substrate average PM 
density respectively. Axial segments 2 and 3, after passive oxidation, were 2 and 4% 
lower than the substrate average, respectively.  This is similar to the loading scan data, 
where axial segments 2 and 3 were 0 and 7% lower than the substrate average.  These 
data indicate that more PM was oxidized near the inlet of the substrate than near the 
outlet of the substrate.  The PM density near the middle of the axial length of the 
substrate maintained a similar distribution.  It is difficult to make exact conclusions from 
this data on the differences between the loading and passive oxidation scans because of 
the Stage 3 loading that takes place after the passive oxidation stage.  Stage 3 loaded 5.5 
grams of PM, or 0.32 g/L, into the substrate.  The 95th PR for radial section 1 was 9-56% 
lower than radial sections 2 and 3, indicating the data were more consistent near the 
centerline of the substrate.  Axial segments 3 and 4 did not have uniform axial PM 
distributions, indicating that there was a greater difference between the average PM 
density for the substrate and the average PM density for those axial segments.  The 
temperature distribution plot shown in Figure I.7 shows that the temperature of the outer 
edges of the substrate was 25 °C lower than the centerline and there was minimal 
temperature variation in the axial direction.  
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Table 6.29: Phase 2 Test 1- Passive Oxidation Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.98 3.40 0.13 0.94 3.20 0.13 0.92 3.12 0.21 0.81 3.94 0.22 
2 0.98 3.40 0.19 0.94 3.20 0.16 0.92 3.12 0.23 0.81 3.94 0.43 
3 0.98 3.40 0.20 0.94 3.19 0.17 0.92 3.11 0.27 0.81 3.94 0.49 
4 0.97 3.16 0.31 0.94 2.97 0.29 0.93 2.90 0.36 0.82 3.65 0.36 
 
The overall radial UI was 0.97 for the passive oxidation scan from Test 1 of Phase 2, 
which is similar to the loading scan from Test 1 of Phase 2.  This indicates that after a 
passive oxidation at EOC F where 22% of the available PM was oxidized, the amount of 
variation in the radial PM distribution did not change significantly.  The radial PM 
distribution data are given in Table 6.30.  All of the quadrants in all of the axial segments 
had a UI above 0.94, indicating a uniform distribution.  The average PM density and 95th 
PR were similar for all quadrants.  The data in Table 6.30 are in agreement with the PM 
density plot shown in Figure 6.27. 
Table 6.30: Phase 2 Test 1- Passive Oxidation Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.98 3.03 0.06 0.98 3.15 0.06 0.98 3.09 0.07 0.96 3.69 0.11 
2 0.97 3.04 0.04 0.97 3.13 0.08 0.97 3.04 0.08 0.96 3.73 0.09 
3 0.96 3.05 0.10 0.97 3.13 0.10 0.96 3.06 0.11 0.95 3.82 0.18 
4 0.97 3.08 0.08 0.97 3.14 0.09 0.97 3.05 0.09 0.96 3.79 0.16 
 
The overall angular UI was 0.98 for the passive oxidation scan from Test 1 of Phase 2, 
which is similar to the loading scan from Test 1 of Phase 2.  The angular PM distribution 
data are given in Table 6.31.  All of the radial sections in all of the axial segments had a 
UI above 0.94, indicating a uniform distribution.  Radial section 4 had an average PM 
density that was 7% lower than the other radial sections.  This finding is consistent with 
the distribution data collected after PM loading.  The data show that the passive oxidation 
did not affect the angular PM distribution trends for this experiment where 22% of the 
available PM was oxidized. 
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Table 6.31: Phase 2 Test 1- Passive Oxidation Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.99 3.40 0.29 0.99 3.20 0.28 0.98 3.12 0.33 0.98 3.94 0.33 
2 0.98 3.40 0.20 0.99 3.20 0.19 0.98 3.12 0.21 0.96 3.94 0.21 
3 0.98 3.40 0.16 0.99 3.19 0.15 0.98 3.11 0.16 0.96 3.94 0.18 
4 0.97 3.16 2.09 0.98 2.97 1.94 0.97 2.90 1.89 0.97 3.65 2.48 
 
Phase 2 Test 7: Passive Oxidation 
The third passive oxidation experiment that will be discussed is from Test 7 of Phase 2.  
There were two substrate scans taken during Test 7.  The first was a passive oxidation 
scan, and the second was a post loading scan.  The results for the post loading scan are 
given in section 6.8.  For Test 7, a substrate was loaded to 3.23 g/L.  Then a passive 
oxidation was performed with EOC F, from Table 5.8, for 227 minutes.  This resulted in 
65% of the available PM being oxidized.  The PM density at the time of the passive 
oxidation substrate scan was 1.85 g/L.  The result of this scan is shown in Figure 6.28.  
The overall axial UI for the passive oxidation scan was 0.96, indicating a uniform axial 
distribution.  This overall axial UI is higher than all the overall axial UIs from the loading 
experiments, which indicates that running a passive oxidation at EOC F until 65% of the 
available PM was oxidized improved the uniformity of the PM distribution.  The data for 
the axial PM distribution are given in Table 6.32.  Axial segments 1-3 had a similar 
average PM density around 1.82 g/L, with a range of 0.04 g/L, or 2% of the measured 
PM density.  The average PM densities in axial segments 1-3 were 1-3% lower than the 
average PM density in the substrate.  Axial segment 4 had an average PM density that 
was 13% higher than axial segments 1-3 and 11% higher than the substrate average.  This 
trend is similar to the trend that was found for the loading scan from Test 6 of Phase 2.  
This indicates that a similar amount of PM was oxidized in all axial segments, if the 
substrate was loaded similar to Test 6.  The UI in radial sections 2 and 3 in axial segment 
4 was below 0.94, but those are the only non-uniform radial sections.  The 95th PR was 
14-45% lower in radial section 1 than radial sections 2-3, indicating a more consistent 
PM distribution near the centerline of the substrate.  The temperature distribution plot 
shown in Figure I.15 shows that the temperature of the outer edges of the substrate was 
25 °C lower than the centerline and there was minimal temperature variation in the axial 
direction.  
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Figure 6.28: Phase 2 Test 7- Passive Oxidation Scan Results 
 
Table 6.32: Phase 2 Test 7- Passive Oxidation Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.96 1.82 0.08 0.99 1.84 0.08 0.97 1.80 0.11 0.94 2.06 0.09 
2 0.96 1.82 0.09 0.99 1.84 0.10 0.97 1.80 0.15 0.93 2.06 0.14 
3 0.96 1.82 0.14 0.99 1.84 0.13 0.97 1.80 0.15 0.93 2.05 0.16 
4 0.96 1.71 0.16 0.98 1.73 0.18 0.97 1.70 0.19 0.94 1.92 0.22 
 
The overall radial UI was 0.98 for the passive oxidation scan from Test 7 of Phase 2.  The 
radial PM distribution data are given in Table 6.33.  All of the quadrants in each axial 
segment had a UI of 0.98.  This indicates a uniform PM distribution, and that the PM 
distribution in each angular increment had a similar amount of variation.   The plots in 
Figure 6.28 show little variation in the PM density, which agrees with this result.   These 
results indicate that a passive oxidation at EOC F, where 65% of the available PM was 
oxidized, did not cause a non-uniform radial distribution. 
g/L
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Table 6.33: Phase 2 Test 7- Passive Oxidation Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.98 1.76 0.07 0.98 1.83 0.05 0.98 1.78 0.06 0.98 2.05 0.10 
2 0.98 1.75 0.04 0.98 1.80 0.06 0.98 1.76 0.06 0.98 2.03 0.06 
3 0.98 1.77 0.05 0.98 1.83 0.06 0.98 1.79 0.07 0.98 2.07 0.08 
4 0.98 1.76 0.05 0.98 1.80 0.06 0.98 1.77 0.07 0.98 2.06 0.07 
 
The overall angular UI for the passive oxidation scan from Test 7 of Phase 2 was 0.99.  
The angular PM distribution data are given in Table 6.34.  The angular UI was between 
0.98 and 0.99 for each radial section in each axial segment.  This indicates a consistent 
and uniform angular PM distribution.  Radial section 4 had a PM density that was 6% 
lower than the substrate average, which is consistent with the findings from other scans.  
These results indicate that this passive oxidation at EOC F, where 65% of the available 
PM was oxidized, did not cause a non-uniform angular distribution. 
Table 6.34: Phase 2 Test 7- Passive Oxidation Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.99 1.82 0.09 0.99 1.84 0.11 0.99 1.80 0.12 0.99 2.06 0.11 
2 0.99 1.82 0.06 0.99 1.84 0.07 0.99 1.80 0.08 0.99 2.06 0.08 
3 0.99 1.82 0.05 0.99 1.84 0.07 0.99 1.80 0.06 0.98 2.05 0.07 
4 0.99 1.71 1.09 0.99 1.73 1.11 0.99 1.70 1.08 0.98 1.92 1.24 
 
Phase 2 Test 8: Passive Oxidation 
The fourth passive oxidation scan was taken during Test 8 of Phase 2.  For this test, a 
substrate was loaded to 3.57 g/L and then a passive oxidation was performed using EOC 
F, from Table 5.8.  The substrate was loaded to a higher PM density for this test because 
of an ash loading of approximately 13 grams, or 0.8 g/L.  The ash loading was caused by 
approximately 70 hours of operation prior to Test 2 of Phase 2 being completed, which 
was the first PM distribution test performed on substrate 2 which was used for Test 8 of 
Phase 2.  The ash loading is discussed further in Appendix G.  The test results from Test 
2 of Phase 2 are presented in section 6.7.  The passive oxidation was run for 111 minutes, 
and resulted in 28% of the available PM being oxidized.  The PM density in the substrate 
at the time of scanning was 3.25 g/L.  The result of the passive oxidation scan is shown in 
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Figure 6.29.  The passive oxidation scan from Test 3 of Phase 1 had a similar amount of 
PM oxidized, and that result is shown in Figure 6.10 in section 6.1. 
 
Figure 6.29: Phase 2 Test 8- Passive Oxidation Scan Result 
The overall axial UI was 0.91, indicating a non-uniform distribution.  The overall axial 
UI for Test 8 of Phase 2 was higher than the overall axial UI for the passive oxidation 
scan from Test 1 of Phase 2 and identical to the overall axial UI from Test 3 of Phase 1.  
The axial PM distribution data are shown in Table 6.35.  The PM density distribution 
trend is similar to the PM distribution trend from the passive oxidation scans from Tests 1 
and 7 of Phase 2 and different than the passive oxidation scan from Test 3 of Phase 1.   
Axial segment 1 had an average PM density that was 7% lower than the substrate 
average.  Axial segments 2 and 3 were 2% lower than the substrate average and axial 
segment 4 was 17% higher.  This indicates that more PM was oxidized near the inlet of 
the substrate than near the outlet of the substrate, similar to the results from the passive 
oxidation scan in Test 1 of Phase 2.  In Test 3 of Phase 1, axial segment 2 had an average 
PM density that was 17% higher than the substrate average.  Axial segments 1, 3, and 4 
had average PM densities that were -4 to 2% different than the average PM density in the 
substrate.  The average PM density in the substrate prior to the passive oxidation in Test 
3 of Phase 1 was 62% higher than the average PM density in Test 8 of Phase 2, which 
could be a cause of the difference in the distributions.  The engine calibration was 
modified during the loading portion of Test 3 of Phase 1, which may have caused the 
difference as well.  The stage 3 loading that took place during Test 8 of Phase 2 could 
also be a cause of the difference.  The difference could also be caused by Test 3 of Phase 
1 having a space velocity that was 17% greater than Test 8 of Phase 2.  The 95th PR in 
radial section 1 is 40-57% lower than the 95th PR in radial sections 2 and 3.  This finding 
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is consistent with other data sets.  The temperature distribution plot shown in Figure I.17 
shows that the temperature of the outer edges of the substrate was 25 °C lower than the 
centerline and there was minimal temperature variation in the axial direction. 
Table 6.35: Phase 2 Test 8- Passive Oxidation Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.91 3.03 0.09 0.97 3.17 0.08 0.96 3.17 0.20 0.85 3.80 0.16 
2 0.91 3.03 0.16 0.97 3.16 0.16 0.95 3.17 0.33 0.85 3.80 0.33 
3 0.91 3.02 0.20 0.96 3.16 0.20 0.95 3.16 0.32 0.85 3.80 0.35 
4 0.91 2.85 0.43 0.96 2.98 0.42 0.95 2.98 0.45 0.86 3.56 0.48 
 
The overall radial UI for the passive oxidation scan from Test 8 of Phase 2 was 0.97.  The 
radial distribution data are given in Table 6.36.  All of the quadrants in all of the axial 
segments had a UI above 0.94.  The radial PM distributions shown in Figure 6.29 do not 
show significant variation, which agrees with the UIs.  These results indicate that after 
this passive oxidation at EOC F, where 28% of the available PM was oxidized, a non-
uniform radial distribution did not occur. 
Table 6.36: Phase 2 Test 8- Passive Oxidation Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.97 2.90 0.14 0.97 3.08 0.13 0.97 3.12 0.14 0.96 3.81 0.13 
2 0.97 2.94 0.20 0.97 3.11 0.11 0.97 3.11 0.13 0.96 3.80 0.10 
3 0.97 2.99 0.09 0.98 3.14 0.15 0.98 3.12 0.19 0.97 3.86 0.16 
4 0.98 2.97 0.09 0.98 3.14 0.10 0.98 3.13 0.20 0.97 3.80 0.23 
 
The overall angular UI for the passive oxidation scan in Test 8 of Phase 2 was 0.98.  The 
angular distribution data are given in Table 6.37.  Each radial section in each axial 
segment had a UI above 0.94, indicating a uniform distribution.  Radial section 4 had an 
average PM density that was 6% lower than the substrate average, which is consistent 
with the other test data.  These results indicate that after this passive oxidation at EOC F, 
where 28% of the available PM was oxidized, a non-uniform angular distribution did not 
occur. 
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Table 6.37: Phase 2 Test 8- Passive Oxidation Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.99 3.03 0.11 0.99 3.17 0.11 0.98 3.17 0.15 0.98 3.80 0.15 
2 0.98 3.03 0.08 0.99 3.16 0.08 0.98 3.17 0.11 0.98 3.80 0.10 
3 0.98 3.02 0.10 0.99 3.16 0.10 0.98 3.16 0.13 0.97 3.80 0.14 
4 0.97 2.85 1.79 0.97 2.98 1.88 0.97 2.98 1.89 0.96 3.56 2.30 
 
Phase 2 Test 9: Passive Oxidation at a Balance Point  
The final passive oxidation result that will be presented is from Test 9 of Phase 2.  This 
test used EOC A, from Table 5.8, which is a balance point.  A balance point is a point 
where the pressure drop across the CPF is constant.  At the balance point the PM 
oxidation rate in the substrate is equal to the PM loading rate, causing the PM loading in 
the substrate to be constant.  The substrate was initially loaded to 3.13 g/L, and then EOC 
A was run for 131 minutes.  This resulted in 6% of the available PM being oxidized.  
During the oxidation portion of the test, the mass of the substrate increased by 0.3 grams, 
which is within the measurement error of the scale used. The PM density in the substrate 
at the time of the scan was 3.51 g/L.  The result of this scan is shown in Figure 6.30. 
The overall axial UI was 0.95 for Test 9 of Phase 2.  This is higher than the passive 
oxidation scans from Test 3 of Phase 1 (0.91), Test 1 of Phase 2 (0.89), and Test 8 of 
Phase 2 (0.91) where 22-45% of the available PM was oxidized.  The axial PM 
distribution data are given in Table 6.38.  The average PM densities in axial segments 1-3 
are similar.  The average among the three axial segments was 3.54 g/L and the range of 
the average is 0.05 g/L, or 1%.  The average PM densities in axial segments 1-3 were 0 - 
1% higher than the average PM density for the entire substrate.  Axial segment 4 had an 
average PM density that was 8% higher than axial segments 1-3 and 9% higher than the 
substrate average.  This axial distribution trend is similar to the trends found for the other 
passive oxidation scans from Phase 2.  Axial segment 4 is the only axial segment to have 
a non-uniform axial distribution.  The 95th PR is 1-60% lower for radial section 1 than 
radial sections 2 and 3.  The temperature distribution plot shown in Figure I.18 shows 
that the temperature of the outer edges of the substrate was 25 °C lower than the 
centerline and there was minimal temperature variation in the axial direction. 
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Figure 6.30: Phase 2 Test 9- Balance Point Scan Result 
 
Table 6.38: Phase 2 Test 9- Balance Point Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.95 3.55 0.10 0.98 3.56 0.11 0.97 3.51 0.13 0.92 3.82 0.14 
2 0.95 3.54 0.11 0.98 3.56 0.12 0.96 3.51 0.27 0.92 3.82 0.18 
3 0.95 3.54 0.19 0.98 3.56 0.18 0.96 3.51 0.34 0.92 3.81 0.27 
4 0.95 3.34 0.34 0.97 3.35 0.32 0.96 3.31 0.40 0.92 3.58 0.41 
 
The overall radial UI for Test 9 of Phase 2 was 0.97, which is similar to the overall radial 
UIs for the other passive oxidation tests from Phase 2.  The radial PM distribution data 
are given in Table 6.39.  Each quadrant in each axial segment had a UI above 0.94, 
indicating a uniform distribution.  The result of the balance point scan, shown in Figure 
6.30, did not show a lot of variation in the PM density, which is in agreement with the 
calculated UIs. 
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Table 6.39: Phase 2 Test 9- Balance Point Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.97 3.36 0.07 0.97 3.52 0.08 0.96 3.45 0.10 0.97 3.67 0.10 
2 0.97 3.35 0.09 0.97 3.49 0.11 0.96 3.45 0.13 0.96 3.68 0.08 
3 0.97 3.40 0.06 0.97 3.53 0.09 0.97 3.49 0.09 0.97 3.72 0.08 
4 0.97 3.35 0.12 0.97 3.51 0.12 0.97 3.44 0.10 0.96 3.67 0.16 
 
The overall angular UI was 0.98 for Test 9 of Phase 2, which is similar to the overall 
angular UIs for the other passive oxidation tests from Phase 2.  The angular PM 
distribution data are given in Table 6.40.  Each radial section in each axial segment had a 
UI above 0.94, indicating a uniform distribution.  Radial section 4 had an average PM 
density that was 6% lower than radial section 1, which is consistent with previous 
findings. 
Table 6.40: Phase 2 Test 9- Balance Point Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.99 3.55 0.13 0.99 3.56 0.13 0.99 3.51 0.15 0.98 3.82 0.15 
2 0.98 3.54 0.09 0.99 3.56 0.09 0.98 3.51 0.11 0.98 3.82 0.10 
3 0.98 3.54 0.09 0.98 3.56 0.09 0.97 3.51 0.11 0.97 3.81 0.10 
4 0.97 3.34 2.09 0.97 3.35 2.12 0.97 3.31 2.09 0.96 3.58 2.27 
 
The axial PM distribution for all of the passive oxidation tests that were conducted are 
shown in Figure 6.31.  A summary of each test was provided in Table 6.28.   The axial 
PM distribution for Test 3 of Phase 1 does not follow the trends of the tests in Phase 2.  
The increase in the PM density between 20 and 50% of the axial length for Test 3 is not 
found for any other tests.  This different distribution could be caused by a higher PM 
density prior to beginning the passive oxidation.  The PM density in the substrate during 
Test 3 of Phase 1 was 5.81 g/L which was, on average, 72% higher than the average PM 
density of the Phase 2 tests.  The space velocity for Test 3 of Phase 1, shown in Table 
6.28, was 17% higher than EOC F used for Tests 1, 7, and 8 of Phase 2, also shown in 
Table 6.28.  The increased velocity could alter the passive oxidation characteristics by 
changing the wall flow velocity distribution.  Figure 2.5 shows the effect of changing the 
exhaust gas velocity on the wall velocity distribution.  The modified engine calibration 
that was used for all PM loading during Phase 1 could have had an impact on passive 
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oxidation as well, even though the PM distribution trend after PM loading was found to 
not be affected by the modified engine calibration in Figure 6.24.  The use of stage 3 
during the Phase 2 work to stabilize the CPF temperature, and return the CPF to a 
repeatable temperature, prior to weighing the substrate at the end of the test, after a 
passive oxidation, could have an impact on the PM distribution as well.  In Phase 1, stage 
3 loaded 0.3 grams (0.03 g/L) of PM into the substrate.  In Phase 2, stage 3 loaded 6.7 
grams (0.39 g/L), on average, of PM into the substrate.  While the effect of the additional 
6.7 grams should be minimal, it is unknown how the distribution was affected. 
The axial PM distributions for the passive oxidation tests from Phase 2 are similar to the 
PM distribution trends found after loading the substrate for Tests 1 and 6 of Phase 2, as 
shown in Figure 6.24.  Test 1 of Phase 2 had a PM distribution that was similar to the 
loading data that was collected during Test 1 of Phase 2.  However, as discussed 
previously, more PM was oxidized near the inlet of the substrate.  The PM distribution 
trends for Tests 7 and 9 of Phase 2 are similar even though the mass of PM oxidized was 
65 and 6% respectively.  The space velocity for Test 9 was 41% lower than Test 7, as 
shown by the data in Table 6.28.  This indicates that the space velocity did not have a 
noticeable impact on the PM distribution trends that resulted from these passive oxidation 
experiments.  The average CPF temperature for Test 9 was 27% lower than the average 
CPF temperature for Test 7, as shown by the data in Table 6.28.  This indicates that the 
CPF temperature did not have a noticeable impact on the PM distribution trends found for 
these passive oxidation experiments.  The PM distribution trend for Test 8 of Phase 2 
shows more PM oxidized in the first 75% of the axial length, with the last 25% being the 
same as Test 9.  Since Tests 7 and 9 have similar distributions for two different amounts 
of PM oxidized, it would be expected that Test 8 would follow this trend.  However, the 
results show that as the percentage of PM oxidized increases, the PM is oxidized in the 
first 75% of the axial length first, with the last 25% being oxidized later.  Differences in 
the PM distribution between Test 1 of Phase 2 and the other tests from Phase 2 can be 
explained by the differences in the PM distribution after loading.  The substrates used for 
Tests 7, 8, and 9 had previous loading done on them, so it is expected that they would 
load similar to Test 6 of Phase 2, which had a different PM distribution after loading than 
Test 1 of Phase 2. 
The overall axial UI is plotted as a function of the amount of available PM oxidized in 
Figure 6.32.  Only the axial UI is studied because the radial and angular UIs were all 
similar for all tests, and all were above 0.94.  The results showed a uniform axial PM 
distribution when the amount of PM oxidized during the passive oxidation was 6 and 
65% (Tests 9 and 7 of Phase 2 respectively).  The UI decreased by 6% to 0.89 as the 
amount of PM oxidized increased from 6% to 22%.  The UI increased by 2% to 0.91 as 
the amount of PM oxidized increased from 22% to between 28 and 45%.  Both Test 3 of 
Phase 1 and Test 8 of Phase 2 had a UI of 0.91, even though the resulting distributions of 
the two tests were different.  All of these data show that the passive oxidations that 
resulted in more than 6% but less than 65% had a non- uniform PM distribution. 
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Figure 6.31: Axial PM Distribution for all Passive Oxidation Tests  
 
Figure 6.32: Axial Uniformity Index as a Function of Percent of PM Oxidized 
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 PM Distribution Trends after Active Regeneration 6.7.
This section covers the active regeneration experiments that were completed as part of 
the experimental work.  A total of seven active regeneration experiments were conducted 
as part of the experimental study on PM distribution trends.  The first three active 
regeneration experiments are given in section 6.1, and the scan results are shown in 
Figures 6.4, 6.7, and 6.13.  These experiments were active regenerations at 500 and     
600 °C with 40-70% of the available PM oxidized using the “Oxidation” EOC from 
Table 5.2.  Tests 2-5 of Phase 2 will be presented in this section.  The TAS7000 data for 
the Phase 2 tests were processed using the new PM density calculation method presented 
in section 4.1, so the resulting distribution data are for the PM density, including the 
carbonaceous and ash content.  The Phase 2 tests were active regenerations at 525 and 
600 °C with 26-81% of the available PM oxidized using EOC AR, found in Table 5.8.  
The space velocities in Tables 5.2 and 5.8 are calculated without any fuel dosing.  In-
cylinder fuel dosing was used to accomplish all active regenerations.  A summary of the 
main parameters of the active regeneration tests is provided in Table 6.41.  The main 
parameters that were varied during the experiments were the temperature of the active 
regeneration, the mass of PM that was oxidized, and the PM density in the substrate prior 
to the active regeneration.  The reaction rate was varied by changing the temperatures of 
the active regeneration.  The full test descriptions are provided in Chapter 5 and the full 
test summaries are provided in Appendix E.  The space velocities in Table 6.41 are 
calculated with fuel dosing.  A comparison of the reaction rates listed in Table 6.41 to the 
reaction rates for other active regeneration tests can be found in Appendix F. 
Table 6.41: Active Regeneration Test Summaries 
Engine Test 
CPF 
Space 
Velocity 
Average 
CPF 
Temp. 
Engine 
Out PM 
Conc. 
NO2 
Conc. 
into the 
CPF 
O2 
Conc. 
into 
the 
CPF 
PM 
Density 
before 
Active 
Regen. 
Percent 
of 
Available 
PM 
Oxidized 
PM 
Density 
at Time 
of Scan 
Reaction 
Rate 
1k/hr °C mg/scm mg/scm % g/L - g/L 1/s 
ISB 
Phase 1 
Test 1 206 497 8.7 45.8 6.2 4.96 58.4% 2.03 0.46E-03 
Phase 1 
Test 2 206 491 8.5 98.5 6.4 5.23 41.0% 2.99 0.52E-03 
Phase 1 
Test 4 214 577 12.1 96.9 4.1 5.12 69.1% 1.52 2.70E-03 
ISL 
Phase 2 
Test 2 206 611 - - - 4.88 81.4% 1.12 - 
Phase 2 
Test 3 199 519 17.8 1.0 7.4 2.92 26.3% 2.60 0.39E-03 
Phase 2 
Test 4 197 526 16.2 0.4 7.5 3.06 45.0% 2.22 0.39E-03 
Phase 2 
Test 5 213 574 22.9 0.9 7.0 3.90 52.1% 2.33 2.50E-03 
"-" Denotes that the Parameter was not Measured 
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Phase 2 Test 2: Cleanout 
The fourth active regeneration test was Test 2 of Phase 2.  Two substrate scans were 
taken during Test 2, one baseline scan and one scan after the cleanout.  This test consisted 
of a 600 °C substrate cleanout after multiple loading, cleanout, and partial oxidation 
cycles.  The substrate, substrate 2, was used for no more than 70 hours prior to the 
cleanout taking place.  The PM density in the substrate prior to the cleanout was 4.88 g/L.  
The cleanout was performed for 26 minutes with an average CPF temperature of 611 °C.  
The cleanout oxidized 81% of the available PM, resulting in a PM density of 1.12 g/L at 
the time of the substrate scan.  Approximately 0.8 g/L was ash loading, which was 
discovered after all of the Phase 2 experiments were completed and is discussed in 
Appendix G.  The other 0.3 g/L is residual PM that was not cleaned out.  The cleanout 
was performed until the pressure drop across the CPF was constant.  The calculated slope 
of the pressure drop curve in the last 5 minutes of the cleanout was -0.006 kPa/min.  
Therefore, if the cleanout was carried out for an additional 5 minutes, the pressure drop 
across the CPF would decrease by 0.03 kPa, which is within the accuracy of the pressure 
sensor used to measure the pressure drop.  This indicates that the pressure drop was 
nearly constant at the completion of the cleanout.   The result of the cleanout scan is 
shown in Figure 6.33. 
 
Figure 6.33: Phase 2 Test 2- Cleanout Scan Result 
The overall axial UI was 0.97 for Test 2 of Phase 2.  The axial PM distribution data are 
given in Table 6.42.  Each radial section in each axial segment had an axial UI above 
0.94, indicating a uniform distribution.  Test 4 of Phase 1 had a similar amount of PM 
oxidized and was run at a similar temperature, but the axial distribution trends are 
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significantly different.  Test 4 had an average PM density near the outlet of the substrate 
that was 67% lower than the substrate average.  The data in Table 6.42 show that the 
average PM density increased in each axial segment.  In axial segments 3 and 4 for Test 2 
of Phase 2, the average PM densities were 3-14% higher than the substrate average.  The 
average PM densities in axial segments 1 and 2 for Test 2 of Phase 2 were 6-9% lower 
than the substrate average.  The variation between the axial segments is within the 95% 
CI of the TAS7000 data, indicating the average PM density in each axial segment is 
similar.  Test 4 of Phase 1 did not have as many hours of operation on it, which could be 
the cause of the difference.  It should be noted that Test 4 did have an increase in the PM 
density in the last 10% of the axial length from 0.5 to 2.5 g/L.  This increase may have 
been the start of a region with a higher PM density, which is difficult to clean out and 
may consist of ash, similar to what is found near the outlet for Test 2 of Phase 2.  The 
temperature distribution plot in Figure I.8 shows that radial sections 1-3 had average CPF 
temperatures that were 25 °C higher at the outlet of the substrate than the inlet of the 
substrate, which is similar to the distribution found for Test 4 of Phase 1 (Figure I.5).  
The increase of 25 °C  near the outlet of the substrate would result in a PM reaction rate 
near the outlet that is 66% higher than the PM reaction rate near the inlet of the substrate, 
based on the data in [45] and assuming all other parameters were constant.  This indicates 
that more PM should have been oxidized near the outlet of the substrate, than near the 
inlet.  Therefore, any significant increase in the PM density is likely ash loading. 
Table 6.42: Phase 2 Test 2- Cleanout Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.97 1.02 0.23 0.98 1.05 0.25 0.98 1.15 0.33 0.96 1.28 0.28 
2 0.97 1.02 0.26 0.98 1.05 0.27 0.98 1.15 0.34 0.96 1.28 0.34 
3 0.97 1.02 0.31 0.98 1.06 0.34 0.97 1.15 0.43 0.96 1.28 0.51 
4 0.98 1.01 0.25 0.98 1.05 0.25 0.98 1.14 0.36 0.96 1.26 0.48 
 
The overall radial UI was 0.99 for Test 2 of Phase 2, which is higher than the overall 
radial UI from Test 4 of Phase 1.  The radial distribution data are given in Table 6.43.  
Each quadrant in each axial segment had a uniform distribution, with a UI above 0.94.  
The average PM density and 95th PR is similar for each quadrant in each axial segment.  
The similarities in Table 6.43 are consistent with the data in Figure 6.33.  
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Table 6.43: Phase 2 Test 2- Cleanout Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.98 0.97 0.05 0.99 1.03 0.07 0.99 1.11 0.10 0.98 1.24 0.10 
2 0.98 0.99 0.06 0.99 1.04 0.06 0.98 1.14 0.09 0.98 1.26 0.12 
3 0.98 1.01 0.07 0.99 1.08 0.11 0.98 1.17 0.16 0.98 1.33 0.23 
4 0.98 0.98 0.06 0.99 1.06 0.14 0.98 1.17 0.18 0.98 1.33 0.19 
 
The overall angular UI was 0.98 for Test 2 of Phase 2.  The angular PM distribution data 
are given in Table 6.44.  All radial sections in each axial segment had a UI above 0.94, 
indicating a uniform distribution.  This is consistent with the data in Figure 6.33.  The 
average PM density in radial section 4 was a maximum of 2% lower than radial sections 
1-3.  This difference is less than the difference found for other data sets. 
Table 6.44: Phase 2 Test 2- Cleanout Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.98 1.02 0.53 0.99 1.05 0.56 0.98 1.15 0.70 0.98 1.28 0.66 
2 0.98 1.02 0.35 0.99 1.05 0.38 0.98 1.15 0.46 0.98 1.28 0.41 
3 0.98 1.02 0.26 0.98 1.06 0.26 0.98 1.15 0.32 0.97 1.28 0.30 
4 0.98 1.01 0.20 0.99 1.05 0.20 0.98 1.14 0.27 0.97 1.26 0.34 
 
Phase 2 Test 3: Active Regeneration 
The fifth active regeneration test was Test 3 of Phase 2.  There were 2 substrate scans 
taken during Test 3.  The first was a baseline scan that was taken before any loading of 
the substrate.  The second scan was taken after the active regeneration.  The substrate was 
loaded to an average PM density of 2.92 g/L.  Then an active regeneration was performed 
for 16 minutes, with an average CPF temperature of 519 °C.  This oxidized 26% of the 
available PM.  The PM density at the time of the substrate scan was 2.60 g/L.  Table 6.41 
presents the other parameters of Test 3 of Phase 2.  The result of the scan is shown in 
Figure 6.34.  Test 8 of Phase 2 was a passive oxidation test with a similar amount of PM 
oxidized, and those results are shown in Figure 6.29.  The active regeneration scan from 
Test 2 of Phase 1 had a similar amount of PM oxidized at a similar active regeneration 
temperature.  Those results are shown in Figure 6.7. 
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Figure 6.34: Phase 2 Test 3- Active Regeneration Scan Result 
The overall axial UI was 0.96 for Test 3 of Phase 2, indicating a uniform distribution.    
For comparison, the overall axial UI for Test 8 of Phase 2 was 0.91 and 0.85 for Test 2 of 
Phase 1.  The axial PM distribution data are given in Table 6.45.  The average PM 
densities in axial segments 1-3 are within the 95% CI of the TAS7000 data, so it can be 
said that they are similar.  The actual average PM density was within -2 to 1% of the 
average PM density in the entire substrate.  For comparison, the average PM densities in 
axial segments 1-3 were 2-7% below the average PM density for Test 8 of Phase 2.  Axial 
segment 4 had a PM density that was 5% higher than the substrate average for Test 3 of 
Phase 2.  In Test 8 of Phase 2, axial segment 4 had a PM density that was 17% higher 
than the average PM density.  This shows that the active regeneration at a PM density 
near 3 g/L produced a more uniform axial PM distribution than the passive oxidation 
performed at a similar PM density.   The PM distribution found for Test 2 of Phase 1 was 
not at all similar to the trend found for Tests 3 and 8 of Phase 2.  In Test 2 of Phase 1, 
axial segments 3 and 4 had an average PM density that was 10-31% lower than the 
substrate average PM density and axial segments 1 and 2 had an average PM density that 
was 14-26% higher than the substrate average.  The temperature distribution for Test 3 of 
Phase 2, shown in Figure I.9 of Appendix I, had a similar trend to the temperature 
distribution for Test 2 of Phase 1, shown in Figure I.3.  The temperature near the inlet of 
the substrate was 25 °C lower than the temperature near the outlet, and the temperature 
near the outer edges of the substrate was 25 °C lower than the temperature at the 
centerline of the substrate.  These limited data indicate that the active regeneration at a 
PM density near 3 g/L produced a more uniform axial distribution than the active 
regeneration at a PM density near 5 g/L.   
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All axial segments for Test 3 of Phase 2 had a UI above 0.94 in each radial section.   The 
95th PRs were similar for all radial sections as well.  The 95th PR for radial section 3 was 
0-72% greater than the 95th PR for radial sections 1 and 2.  This indicates that the 
distribution near the centerline was more consistent than near the periphery of the filter, 
even though the UIs were identical for all radial sections in each axial segment. 
Table 6.45: Phase 2 Test 3- Active Regeneration Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.95 2.63 0.19 0.98 2.64 0.21 0.96 2.55 0.28 0.95 2.74 0.24 
2 0.95 2.63 0.19 0.98 2.64 0.17 0.96 2.55 0.29 0.95 2.74 0.22 
3 0.95 2.63 0.33 0.98 2.64 0.20 0.96 2.55 0.34 0.95 2.74 0.24 
4 0.95 2.47 0.30 0.98 2.48 0.26 0.96 2.40 0.33 0.95 2.57 0.33 
 
The overall radial UI was 0.97 for Test 3 of Phase 2, which is similar to Test 8 from 
Phase 2 and Test 2 of Phase 1.  The radial PM distribution data are given in Table 6.46.  
Each quadrant in each axial segment had a UI above 0.94, indicating a uniform 
distribution.  This is consistent with the data shown in Figure 6.34.  All quadrants had a 
similar average PM density and 95th PR in each axial segment as well.  Test 8 of Phase 2 
produced similar results.  These data indicate that the active regeneration and passive 
oxidation experiments where 26-41% of the available PM was oxidized had similar radial 
distributions, regardless of the PM density in the substrate prior to the active regeneration 
or passive oxidation being performed. 
Table 6.46: Phase 2 Test 3- Active Regeneration Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.97 2.54 0.06 0.97 2.59 0.07 0.97 2.49 0.06 0.97 2.69 0.07 
2 0.96 2.57 0.10 0.97 2.60 0.08 0.97 2.52 0.10 0.96 2.73 0.09 
3 0.96 2.61 0.09 0.97 2.60 0.07 0.97 2.53 0.06 0.97 2.74 0.11 
4 0.97 2.54 0.09 0.97 2.62 0.10 0.97 2.52 0.07 0.96 2.74 0.10 
 
The overall angular UI for Test 3 of Phase 2 was 0.98, which is similar to Test 8 of Phase 
2.  The overall angular UI for Test 2 of Phase 1 was 0.94.  The angular PM distribution 
data are given in Table 6.47.  The average PM density in radial section 4 was 6% lower 
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than the other radial sections, which is consistent with other data.  All of the radial 
sections in each axial segment had UIs above 0.94.  The angular PM distributions are 
similar for the active regeneration and passive oxidation experiments, where 26-41% of 
the available PM was oxidized, regardless of the PM density in the substrate prior to the 
active regeneration or passive oxidation being performed.   
Table 6.47: Phase 2 Test 3- Active Regeneration Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.98 2.63 0.23 0.98 2.64 0.23 0.97 2.55 0.27 0.98 2.74 0.25 
2 0.97 2.63 0.12 0.98 2.64 0.12 0.97 2.55 0.16 0.98 2.74 0.13 
3 0.96 2.63 0.11 0.98 2.64 0.10 0.97 2.55 0.13 0.97 2.74 0.13 
4 0.97 2.47 1.58 0.98 2.48 1.59 0.97 2.40 1.54 0.97 2.57 1.66 
 
Phase 2 Test 4: Active Regeneration 
The sixth active regeneration test was Test 4 of Phase 2.  Three substrate scans were 
taken during this test, a baseline scan, a scan after an active regeneration, and a scan after 
post loading was performed on the substrate.  The post loading results will be presented 
in section 6.8.  For this test, a substrate was loaded to 3.06 g/L.  Then an active 
regeneration was performed for 34 minutes with an average CPF temperature of 526 °C.  
This oxidized 45% of the available PM, resulting in a PM density at the time of the 
substrate scan of 2.22 g/L.  The result of this scan is shown in Figure 6.35.  The active 
regeneration scan from Test 1 of Phase 1 was performed at a similar temperature and had 
a similar amount of PM oxidized.  The results of that test were presented in section 6.1 
and Figure 6.4. 
The overall axial UI for Test 4 of Phase 2 was 0.97.  For comparison, the active 
regeneration scan from Test 1 of Phase 1 had an overall axial UI of 0.84.  The axial PM 
distribution data for Test 4 of Phase 2 are given in Table 6.48.  All of the radial sections 
in each axial segment had a similar axial UI.  The 95th PR for radial section 3 was 19-
129% greater than the 95th PRs in radial sections 1 and 2.  This indicates that the data 
near the centerline were more consistent.  Axial segments 1-3 had average PM densities 
that were between -5 and 1% different than the substrate average.  This is similar to the 
results found in Test 3 of Phase 2.  In Test 1 of Phase 1, axial segments 1-3 had average 
PM densities that were between -12 and 34% different than the substrate average.  In 
Table 6.48 axial segment 4 had an average PM density that was 5% greater than the 
substrate average, similar to Test 3 of Phase 2.  For Test 1 of Phase 1, axial segment 4 
had an average PM density that was 53% lower than the substrate average.  The axial PM 
distribution is not similar between Test 4 of Phase 2 and Test 1 of Phase 1.  Test 4 of 
Phase 2 had a more uniform axial PM distribution than Test 1 of Phase 1.  This indicates 
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that the axial PM distribution is more uniform when the PM density in the substrate is 3 
g/L prior to the regeneration instead of 5 g/L prior to the regeneration, for these active 
regenerations where 45-58% of the PM was oxidized.  The temperature distribution for 
Test 4 of Phase 2, as shown in Figure I.10, shows that the outlet of the substrate had a 
temperature that was 25 °C higher than the inlet, and the outer edges of the substrate had 
a temperature that was 25 °C lower than the centerline.  The axial temperature 
distribution for Test 1 of Phase 1 was similar, but the difference in the radial temperature 
distribution was 50 °C, rather than 25 °C, as shown in Figure I.2.   
 
Figure 6.35: Phase 2 Test 4- Active Regeneration Scan Result 
 
Table 6.48: Phase 2 Test 4- Active Regeneration Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.97 2.25 0.11 0.99 2.25 0.11 0.97 2.16 0.16 0.97 2.32 0.13 
2 0.97 2.25 0.16 0.99 2.25 0.15 0.96 2.16 0.24 0.96 2.32 0.18 
3 0.96 2.25 0.25 0.98 2.25 0.17 0.96 2.16 0.28 0.96 2.32 0.22 
4 0.97 2.11 0.23 0.98 2.12 0.20 0.97 2.04 0.25 0.96 2.18 0.26 
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The overall radial UI for Test 4 of Phase 2 was 0.98, which is similar to the overall radial 
UI for Test 3 of Phase 2.  For comparison, the overall radial UI for the active 
regeneration scan from Test 1 of Phase 1 was 0.93.  This indicates that active 
regeneration experiments, where 45-58% of the available PM was oxidized, had a more 
uniform radial distribution when the regeneration was performed with a PM density in 
the substrate prior to the regeneration of 3 g/L instead of 5 g/L.  The radial PM 
distribution data are given in Table 6.49.  All of the quadrants in each axial segment had 
a radial UI above 0.94, indicating a uniform distribution.  This is in agreement with the 
data shown in Figure 6.35.   
Table 6.49: Phase 2 Test 4- Active Regeneration Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.98 2.17 0.05 0.98 2.20 0.06 0.98 2.10 0.06 0.98 2.28 0.07 
2 0.97 2.20 0.08 0.98 2.21 0.06 0.97 2.13 0.11 0.97 2.32 0.07 
3 0.97 2.24 0.08 0.98 2.22 0.06 0.98 2.15 0.07 0.97 2.34 0.07 
4 0.98 2.21 0.08 0.98 2.24 0.09 0.98 2.14 0.06 0.97 2.34 0.10 
 
The overall angular UI for Test 4 of Phase 2 was 0.98, which is similar to the overall 
angular UI from Test 3 of Phase 2.  The overall angular UI from the active regeneration 
scan for Test 1 of Phase 1 was 0.91.  This indicates that the active regeneration 
experiments, where 45-58% of the available PM was oxidized, had a more uniform 
angular PM distribution when the PM density prior to the active regeneration was 3 g/L, 
as compared to 5 g/L.  The angular PM distribution data are given in Table 6.50.  All of 
the radial sections in each axial segment had a UI above 0.94, indicating a uniform 
distribution.  Radial section 4 had an average PM density that was 6% lower than the 
other radial sections, which is consistent with the other data. 
Table 6.50: Phase 2 Test 4- Active Regeneration Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.98 2.25 0.12 0.99 2.25 0.11 0.99 2.16 0.14 0.99 2.32 0.12 
2 0.98 2.25 0.08 0.99 2.25 0.07 0.98 2.16 0.10 0.98 2.32 0.09 
3 0.97 2.25 0.08 0.99 2.25 0.08 0.97 2.16 0.09 0.98 2.32 0.10 
4 0.98 2.11 1.35 0.98 2.12 1.36 0.98 2.04 1.30 0.98 2.18 1.40 
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Phase 2 Test 5: Active Regeneration 
The seventh and final active regeneration scan was taken during Test 5 of Phase 2.  For 
this test, the substrate was loaded to 3.90 g/L.  This test achieved a higher PM density 
because of the ash loading in substrate number 2, as discussed previously and in 
Appendix G.  The substrate had approximately 0.8 g/L of ash.  An active regeneration 
was then performed for 8.5 minutes with an average CPF temperature of 574 °C.  This 
oxidized 52% of the available PM, resulting in a PM density in the substrate of 2.33 g/L 
at the time the substrate was scanned.  The result of this scan is shown in Figure 6.36.  
For comparison, Test 4 of Phase 1 was an active regeneration performed at a similar 
temperature and resulted in a similar amount of PM oxidized, and Test 7 of Phase 2 was a 
passive oxidation test with a similar amount of PM oxidized.  The results from those tests 
are shown in Figures 6.13 and 6.28 respectively. 
 
Figure 6.36: Phase 2 Test 5- Active Regeneration Scan Result 
The overall axial UI for Test 5 of Phase 2 was 0.96, which is similar to the overall axial 
UI for the passive oxidation scan from Tests 2 and 7 of Phase 2.  This indicates that the 
active regeneration and passive oxidation experiments that resulted in 52-81% of the 
available PM being oxidized had a uniform axial PM distribution with a similar amount 
of variation in the data, during Phase 2.  The overall axial UI for Test 4 of Phase 1 was 
0.80.  The temperature distribution plots for Tests 2 and 5 of Phase 2 and Test 4 of Phase 
1, which are presented in Figures I.8, I.12, and I.5, respectively, show that all of the tests 
had a temperature increase between 25 and 50 °C from the inlet to the outlet of the 
substrate.  This indicates that the active regeneration experiments, where 52-81% of the 
available PM was oxidized, produced a more uniform axial distribution during Phase 2, 
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which used the ISL engine and corresponding aftertreatment.  The axial PM distribution 
data are presented in Table 6.51.  Axial segments 1-3 had average PM densities that were 
between -3 and 1% different than the average PM density in the substrate.  This is a result 
similar to the data from the passive oxidation scan taken during Test 7 of Phase 2 where 
axial segments 1-3 had average PM densities that were between -3 and -1% different than 
the average substrate PM density.  Test 4 of Phase 1 had average PM densities in axial 
segments 1-3 that were between -66 and 64% different than the substrate average.  In 
Table 6.51 axial segment 4 had an average PM density that was 7% higher than the 
substrate average, which is similar to the results from Tests 3, 4, and 7 of Phase 2.  Test 4 
of Phase 1 had an average PM density in axial segment 4 that was 35% lower than the 
substrate average.  The data in Table 6.51 also show that each radial section in each axial 
segment had a UI above 0.94, indicating the axial distribution was uniform everywhere.  
Radial section 3 had a 95th PR that was 1-212% larger than radial sections 1 and 2. This 
indicates that there is more variation in the PM density near the edge of the substrate.   
Table 6.51: Phase 2 Test 5- Active Regeneration Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.95 2.34 0.10 0.99 2.36 0.10 0.97 2.25 0.19 0.96 2.49 0.15 
2 0.95 2.34 0.22 0.98 2.36 0.20 0.96 2.25 0.32 0.96 2.49 0.29 
3 0.95 2.34 0.31 0.98 2.35 0.27 0.96 2.25 0.32 0.95 2.49 0.42 
4 0.95 2.21 0.37 0.98 2.23 0.33 0.97 2.13 0.34 0.96 2.35 0.34 
 
The overall radial UI for Test 5 of Phase 2 was 0.98, which is similar to Tests 2 and 7 of 
Phase 2.  This indicates that the active regeneration and passive oxidation experiments, 
where 52-81% of the available PM was oxidized, resulted in uniform radial distributions, 
during Phase 2.  Test 4 of Phase 1 had an overall radial UI of 0.91.  The temperature 
distribution plots show that Test 5 of Phase 2, Figure I.12, Test 2 of Phase 2, Figure I.8, 
and Test 4 of Phase 1, Figure I.5, had a temperature near the edge of the substrate that 
was 25-100 °C lower than the temperatures near the centerline.  Test 2 had the smallest 
amount of variation at 25 °C.  This indicates that a more uniform radial distribution exists 
after the active regeneration events in Phase 2, which used the ISL engine and 
corresponding aftertreatment system.  The radial distribution data are given in Table 6.52.  
Each quadrant in each axial segment was 0.98, indicating a consistent and uniform 
distribution.  This is consistent with the data plotted in Figure 6.36. 
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Table 6.52: Phase 2 Test 5- Active Regeneration Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.98 2.23 0.15 0.98 2.28 0.16 0.98 2.19 0.15 0.98 2.44 0.15 
2 0.98 2.26 0.19 0.98 2.30 0.10 0.98 2.18 0.11 0.98 2.45 0.11 
3 0.98 2.32 0.06 0.98 2.36 0.09 0.98 2.25 0.14 0.98 2.57 0.14 
4 0.98 2.32 0.09 0.99 2.36 0.09 0.98 2.26 0.17 0.98 2.55 0.16 
 
The overall angular UI for Test 5 of Phase 2 was 0.98, which is similar to the overall 
angular UI from Tests 2 and 7 of Phase 2.  Test 4 of Phase 1 had an overall angular UI of 
0.89.  This indicates that the angular distribution is more uniform for passive oxidation 
and active regeneration events that used the ISL engine and aftertreatment system instead 
of the ISB engine and aftertreatment system.  The angular PM distribution data are given 
in Table 6.53.  All of the radial sections in each axial segment had a UI above 0.94.  
Radial section 4 had an average PM density that was 6% lower than the other radial 
sections, which is consistent with other data. 
Table 6.53: Phase 2 Test 5- Active Regeneration Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.99 2.34 0.12 0.99 2.36 0.11 0.99 2.25 0.16 0.98 2.49 0.14 
2 0.98 2.34 0.09 0.99 2.36 0.08 0.98 2.25 0.11 0.98 2.49 0.12 
3 0.97 2.34 0.10 0.98 2.35 0.08 0.98 2.25 0.10 0.96 2.49 0.11 
4 0.98 2.21 1.38 0.98 2.23 1.39 0.98 2.13 1.33 0.98 2.35 1.49 
 
The axial PM distribution for each active regeneration test is plotted in Figure 6.37.  A 
summary of each test was provided in Table 6.41.  The distributions from Phase 1 have a 
different shape than the distributions from Phase 2.  The Phase 2 PM distributions for 
active regenerations conditions follow similar trends as the PM distributions for the 
loading and passive oxidation conditions.  The PM distribution trends for all of the Phase 
2 active regeneration tests are similar as well, indicating that the 525 and 600 °C active 
regenerations produced similar PM distributions.  The Phase 1 tests all show a decreased 
PM density in the last 50% of the axial length.  There are a few possible explanations as 
to what causes the differences between the tests.  The first is that the modified engine 
calibration that was used during Phase 1 could have had an impact on the axial PM 
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distribution after active regeneration, even though it was found to have no effect on the 
distribution after loading.  The second possible explanation is that the use of stage 3 to 
stabilize the CPF temperature before weighing the substrate could have an effect on the 
PM distribution, similar to the passive oxidation experiments.  During stage 3 of the 
Phase 2 tests, 6.7 grams of PM were loaded into the CPF on average.  The third possible 
explanation is that the oxygen concentration into the CPF during Phase 1 active 
regenerations was 5.6% on average and 7.3% on average during Phase 2 active 
regenerations.  The oxygen concentration affects the reaction rate of active regenerations, 
as discussed by Premchand, et al. [45], but the effect on the PM distribution is unknown.   
Test 2 of Phase 2 had a similar average PM density prior to the cleanout as the tests from 
Phase 1.  However, the axial PM distribution was not similar to the other tests from Phase 
1, indicating that the PM density in the substrate prior to the active regeneration during 
Phase 1 was not the only factor that caused a different PM distribution.  The average PM 
density in the substrate prior the active regeneration during Phase 1 was 67% higher than 
the average PM density in the substrate prior to the other active regenerations performed 
during Phase 2.  The higher PM density could have had an effect on the axial distribution 
when less PM was oxidized.  The space velocities for Phase 1 and Phase 2 were similar, 
so the axial wall flow distribution trend should have been similar.  Test 2 of Phase 2 was 
exposed to multiple loading, cleanout, and partial oxidation cycles, but the axial PM 
distribution trend was still similar to the other axial PM distribution trends after active 
regenerations in Phase 2.  This indicates that the repeated testing on this part did not 
affect the PM distribution for this test. 
Figure 2.11 gives the axial PM distribution after different levels of PM oxidation, as 
measured using a scaled down substrate and SEM imaging.  The measurements are of 
PM cake thickness, so the density of PM cannot be directly determined.  The results in 
Figure 2.11 show that the PM cake thickness increased until 45% of the PM was 
oxidized.  After 45% of the PM was oxidized, the PM cake thickness in the front half of 
the substrate is 5-33% lower than the back half.  One similarity between the data 
collected by Pinturaud, et al, and the Phase 2 data presented in this section is that the PM 
distributions after loading and after active regenerations were similar.  In Figure 2.11, the 
distribution shown for 83% PM oxidation is similar to the axial PM distribution trend for 
Test 2 of Phase 2 where 81% of the PM was oxidized.  In general, the other distribution 
trends do not agree with the trends collected in this experimental work, as the PM density 
was either 52-200% higher in the front half of the substrate or constant throughout the 
substrate.  The differences between the experimental data presented in Figure 2.11 and 
the data presented in Figure 6.37 could be due to how the Pinturaud, et al. [19] performed 
the tests, loaded the substrate, conducted the active regenerations, or scaled the 
particulate filter down.  No other experimental work on the PM distribution after PM 
oxidation was found for comparison. 
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Figure 6.37: Axial PM Distribution for all Active Regeneration Tests 
The overall axial UI that was calculated for each active regeneration test is plotted against 
the amount of PM that was oxidized for that test in Figure 6.38.  The Phase 2 tests, where 
standard loading conditions were used show a uniform axial distribution, regardless of 
the amount of PM oxidized.  The Phase 1 tests show a decreasing axial UI as the amount 
of PM oxidized increases.  These data shows that the active regeneration performed at 
average PM densities near 5 g/L, and resulted in 41-69% of the PM being oxidized had a 
non-uniform distribution.  The data suggests that modified engine conditions used to load 
the substrates during Phase 1 should be avoided to avoid non-uniform PM distributions. 
Active regeneration tests were the only tests shown to heavily impact the radial and 
angular PM distribution and show a significant trend.  The overall radial UI that was 
calculated for each active regeneration test is plotted against the amount of PM that was 
oxidized for that test and is shown in Figure 6.39.  The overall angular UI that was 
calculated for each test is plotted against the amount of PM oxidized for each test in 
Figure 6.40.  The results shown in these plots are similar to the results in Figure 6.38.  
The one large difference is that Test 2 from Phase 1 has a uniform radial and angular PM 
distribution.  This indicates that for active regenerations to cause a non-uniform radial 
and angular PM distribution, the PM density in the substrate prior the regeneration needs 
to be near 5 g/L and the active regeneration needs to oxidize more than 41 and less than 
81% of the available PM.  When the PM density in the substrate was above 4 g/L, the 
radial and angular UI decreased as the amount of PM being oxidized increased until 81% 
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of the PM was oxidized.  After 81% of the available PM was oxidized, the angular and 
radial distributions were uniform.  Under 4 g/L, the UI remained stable or increased 
slightly as the amount of PM being oxidized increased. 
 
Figure 6.38: Axial Uniformity Index as a Function of Percent of PM Oxidized 
 
 
Figure 6.39: Radial Uniformity Index as a Function of Percent of PM Oxidized 
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Figure 6.40: Angular Uniformity Index as a Function of Percent of PM Oxidized 
 
 PM Distribution Trends after Post Loading 6.8.
This section discusses the PM distribution trends that existed after post loading was 
performed on the substrates.  Post loading is PM loading that occurs after PM is oxidized 
from the substrate.  Two post loading tests were performed during Phase 2.  The data 
from both of these tests were processed using the new PM density calculation method, 
which was described in 4.1.  Therefore, TAS7000 data presented in this section is for the 
PM density distribution in the substrate, including the carbonaceous and ash content.  The 
first post loading test occurred during Test 4, after an active regeneration oxidized 45% 
of the available PM.  The second post loading test was after the passive oxidation that 
oxidized 65% of the available PM in Test 7.  All PM loading was accomplished using 
EOC B from Table 5.8, which was the same EOC used during the loading tests of Phase 
2.  A summary of the two post loading tests is found in Table 6.54.  The full test 
descriptions can be found in Chapter 5 and the full summaries of the tests are provided in 
Appendix E.  The main parameter that was varied for the post loading tests was the type 
of PM oxidation (passive or active) that occurred before the post loading.  Both tests were 
carried out for a similar amount of time, around 97-101 minutes, with Test 4 from Phase 
2 being five minutes longer than Test 7 of Phase 2. 
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Table 6.54: Post Loading Test Summaries 
Engine Test 
Post Loading 
Occurred 
After 
Time 
CPF 
Space 
Velocity 
Average 
CPF 
Temp. 
Engine 
Out PM 
Conc. 
NO2 
Conc. 
into the 
CPF 
O2 
Conc. 
into 
the 
CPF 
PM 
Density 
before 
Post 
Loading 
PM 
Density 
After 
Post 
Loading 
min. 1k/hr °C mg/scm mg/scm % g/L g/L 
ISL 
Phase 2 
Test 4 
Active 
Regeneration 101.4 212 260 22.2 52.7 13.8 2.22 3.47 
Phase 2 
Test 7 
Passive 
Oxidation 96.5 211 263 21.8 32.9 13.6 1.85 2.99 
 
Phase 2 Test 4: Post Loading 
The third substrate scan from Test 4 was the post loading scan.  This test occurred after 
45% of the available PM was oxidized during a 526 °C active regeneration.  After the 
active regeneration scan was completed, the substrate was loaded for 101 minutes.  This 
resulted in a PM density in the substrate of 3.47 g/L at the time the of the post loading 
substrate scan.  This is 1.25 g/L higher than the substrate average PM density at the time 
of the active regeneration scan (2.22 g/L).  The result of this scan is shown in Figure 
6.41.   
 
Figure 6.41: Phase 2 Test 4- Post Loading Scan Result 
The overall axial UI for the post loading scan from Test 4 of Phase 2 was 0.84.  For 
comparison, the overall axial UIs for the loading scans from Tests 1 and 6 of Phase 2 
were 0.90 and 0.94, respectively.  The overall axial UI after the active regeneration in 
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Test 4 of Phase 2 was 0.97.  The overall axial UI for Test 4 was 7-11% lower than the 
overall axial UIs for Tests 1 and 6, and 13% lower than the overall axial UI for the active 
regeneration scan from Test 4.  This indicates that the post loading that occurred after the 
active regeneration experiment that oxidized 45% of the available PM decreased the 
uniformity of the axial PM distribution.  The axial PM distribution data are given in 
Table 6.55.  Radial sections 1 and 2 in axial segment 3 were the only radial sections to 
have a uniform PM distribution.  All other radial sections had a UI below 0.94.  The axial 
PM distribution trend is different than the loading data sets studied in section 6.5.  The 
average PM density increased in each axial segment.  Axial segments 1-3 were within -7 
to 5% of the average PM density in the substrate.  In axial segment 4, the average PM 
density was 26% higher than the substrate average.  Prior to this test the second loading 
scan from Test 6, which was presented in section 6.5, had the highest PM density in axial 
segment 4, at 19% higher than the substrate average.  The loading data sets showed a PM 
density that decreased or was nearly constant in axial segments 1-3 and a PM density in 
axial segment 4 that was 7-15% greater than the substrate average.  The axial PM 
distribution from the post loading scan for Test 4 of Phase 2 was different than the active 
regeneration scan for Test 4 of Phase 2 as well.  This indicates that a post loading that 
added 1.25 g/L after an active regeneration affects the axial PM distribution and more 
PM is loaded near the outlet of the substrate.  The temperature distribution plot shown in 
Figure I.11 shows that the temperature of the outer edges of the substrate was 25 °C 
lower than the centerline and there was minimal temperature variation in the axial 
direction. 
Table 6.55: Phase 2 Test 4- Post Loading Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.83 3.22 0.25 0.91 3.36 0.27 0.94 3.66 0.35 0.75 4.37 0.39 
2 0.83 3.22 0.32 0.91 3.36 0.27 0.94 3.66 0.48 0.75 4.37 0.41 
3 0.82 3.22 0.59 0.90 3.36 0.43 0.93 3.66 0.65 0.74 4.37 0.54 
4 0.84 2.97 0.64 0.90 3.10 0.56 0.93 3.37 0.78 0.76 4.02 0.71 
 
The overall radial UI for the post loading scan from Test 4 of Phase 2 was 0.95, which is 
uniform.  The active regeneration scan from Test 4 of Phase 2 and the loading scans from 
Tests 1 and 6 of Phase 2 had overall radial UIs above 0.94 as well.  This indicates that for 
this test, post loading did not impact the radial PM distribution, when the PM density 
after the post loading is 1.25 g/L higher than the PM density after the active regeneration.  
The radial PM distribution data are given in Table 6.56.  Non-uniform PM distributions 
were found in axial segment 1 and quadrant 2, axial segment 3 and quadrant 2, and axial 
segment 4 and quadrants 1, 2, and 4.  These non-uniformities are not visible in the data in 
Figure 6.41.  
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Table 6.56: Phase 2 Test 4- Post Loading Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.95 2.83 0.18 0.95 3.30 0.19 0.94 3.57 0.18 0.93 4.12 0.17 
2 0.93 2.87 0.19 0.94 3.28 0.17 0.93 3.56 0.26 0.92 4.07 0.10 
3 0.95 2.96 0.24 0.96 3.32 0.14 0.96 3.63 0.24 0.94 4.15 0.17 
4 0.95 2.85 0.22 0.96 3.28 0.24 0.96 3.58 0.25 0.93 4.16 0.27 
 
The overall angular UI for the post loading scan from Test 4 of Phase 2 was 0.95.  The 
overall angular UIs for the active regeneration scan from Test 4 of Phase 2 and the 
loading scans from Tests 1 and 6 of Phase 2 where above 0.94 as well.  This indicates for 
this post loading, which resulted in an increase in the PM density of 1.25 g/L after an 
active regeneration, the uniformity of the PM distribution in the angular direction was not 
affected.  The angular PM distribution data are given in Table 6.57.  Radial sections 1 
and 2 have a UI that is a maximum of 3% greater than radial sections 3 and 4, indicating 
that the PM distribution is more uniform near the centerline of the substrate after post 
loading.  The only non-uniform angular distributions are found in radial sections 3 and 4. 
Table 6.57: Phase 2 Test 4- Post Loading Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.96 3.22 0.39 0.98 3.36 0.38 0.97 3.66 0.46 0.96 4.37 0.46 
2 0.96 3.22 0.26 0.98 3.36 0.25 0.96 3.66 0.33 0.94 4.37 0.31 
3 0.93 3.22 0.27 0.96 3.36 0.26 0.95 3.66 0.32 0.94 4.37 0.30 
4 0.93 2.97 2.25 0.95 3.10 2.35 0.94 3.37 2.58 0.93 4.02 3.07 
 
Phase 2 Test 7: Post Loading 
The third substrate scan from Test 7 of Phase 2 was taken after post loading a substrate. 
After a 227 minute passive oxidation was completed, which oxidized 65% of the 
available PM, and after the passive oxidation substrate scan was taken, an additional 97 
minute post loading was performed.  The post loading resulted in a PM density of       
2.99 g/L at the time of the post loading substrate scan.   This is 1.14 g/L higher than the 
PM density at the time of the passive oxidation substrate scan.  The result of the post 
loading substrate scan is shown in Figure 6.42. 
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Figure 6.42: Phase 2 Test 7- Post Loading Scan Results 
The overall axial UI for the post loading scan from Test 7 of Phase 2 was 0.95.  This is 
similar to the overall axial UI for the passive oxidation scan from Test 7 of Phase 2 and 
the loading scan from Test 6 of Phase 2.  The axial PM distribution data are given in 
Table 6.58.  The post loading axial PM distribution trend for Test 7 of Phase 2 is different 
than the post loading axial distribution for Test 4 of Phase 2.  The temperature 
distribution plot shown in Figure I.16 shows that the temperature of the outer edges of the 
substrate was 25 °C lower than the centerline and there was minimal temperature 
variation in the axial direction for Test 7 of Phase 2, which is similar to Test 4 of Phase 2.  
Tests 4 and 7 had similar axial PM distributions at the completion of the oxidation 
(passive or active) stage of the test.  Instead of the average PM density increasing in each 
axial segment, as it did for the post loading scan from Test 4 of Phase 2, the average PM 
density was nearly constant in axial segments 1-3.  The variation in the average PM 
density in axial segments 1-3 was within the 95% CI for the TAS7000 data, and the 
values are within -1 to 1% of the average PM density in the substrate.  Axial segment 4 
had an average PM density that was 11% greater than the average PM density in the 
substrate.  Axial segment 4 was the only axial segment to have a non-uniform 
distribution.  This axial PM distribution is similar to the axial PM distribution after the 
passive oxidation was performed.  This indicates that post loading 1.14 g/L after a 
passive oxidation event at EOC F, which oxidized 65% of the available PM, did not 
affect the axial PM distribution.   
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Table 6.58: Phase 2 Test 7- Post Loading Axial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.95 3.02 0.10 0.98 3.01 0.11 0.96 2.97 0.13 0.91 3.32 0.14 
2 0.95 3.02 0.11 0.98 3.01 0.13 0.96 2.97 0.17 0.91 3.32 0.15 
3 0.95 3.02 0.17 0.98 3.01 0.18 0.96 2.96 0.22 0.91 3.32 0.19 
4 0.95 2.83 0.25 0.97 2.83 0.27 0.96 2.79 0.31 0.92 3.10 0.37 
 
The overall radial UI for the post loading scan from Test 7 of Phase 2 was 0.97.  This is 
similar to the passive oxidation scan from Test 7 of Phase 2, the loading scans from Tests 
1 and 6 of Phase 2, and the post loading scan from Test 4 of Phase 2.  The radial PM 
distribution data are given in Table 6.59.  All of the quadrants in each axial segment had 
a UI above 0.94, indicating a uniform distribution.  The data in Figure 6.42 agree with 
this conclusion.  These results indicate that the radial PM distribution is not affected by 
post loading 1.14 g/L after a passive oxidation event at EOC F, which oxidized 65% of 
the available PM. 
Table 6.59: Phase 2 Test 7- Post Loading Radial PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
Q
ua
dr
an
t 
1 0.97 2.85 0.07 0.97 2.99 0.07 0.97 2.94 0.10 0.97 3.19 0.13 
2 0.97 2.85 0.08 0.97 2.96 0.10 0.97 2.90 0.12 0.96 3.18 0.10 
3 0.97 2.84 0.10 0.98 2.96 0.09 0.98 2.92 0.11 0.96 3.21 0.13 
4 0.97 2.85 0.08 0.97 2.96 0.09 0.97 2.92 0.10 0.97 3.22 0.09 
 
The overall angular UI for the post loading scan from Test 7 of Phase 2 was 0.98.  This is 
similar to the overall angular UI for the passive oxidation scan from Test 7 of Phase 2, 
the loading scans from Tests 1 and 6 of Phase 2, and the post loading scan from Test 4 of 
Phase 2.  The angular PM distribution data are given in Table 6.60.  Each radial section in 
each axial segment had a UI above 0.94, indicating a uniform angular PM distribution.  
The results of the angular PM distribution analysis indicate that the angular PM 
distribution is not affected by post loading 1.14 g/L after a passive oxidation event at 
EOC F, which oxidized 65% of the available PM. 
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Table 6.60: Phase 2 Test 7- Post Loading Angular PM Distribution 
  Axial Segment 
  1 2 3 4 
  UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
UI 
Average 
PM 
Density 
(g/L) 
95th 
PR 
(g/L) 
R
ad
ia
l S
ec
tio
n 1 0.99 3.02 0.11 0.99 3.01 0.13 0.99 2.97 0.13 0.98 3.32 0.14 
2 0.99 3.02 0.08 0.99 3.01 0.08 0.98 2.97 0.09 0.97 3.32 0.09 
3 0.98 3.02 0.08 0.99 3.01 0.09 0.98 2.96 0.09 0.97 3.32 0.10 
4 0.98 2.83 1.88 0.98 2.83 1.87 0.98 2.79 1.84 0.97 3.10 2.08 
 
The axial PM distributions for both post loading tests, Tests 4 and 7 of Phase 2 are shown 
in Figure 6.43.  A summary of both tests was given in Table 6.54.  The results of the post 
loading tests indicate that the angular and radial PM distributions were not affected by 
post loading performed on the substrate.  The post loading for Tests 4 and 7 resulted in an 
increase of 56 and 62%, respectively, in the average PM density in the substrate.  The 
axial PM distribution after the oxidation stage was similar for both tests.  However, the 
axial PM distribution after the post loading portion of the tests resulted in different PM 
distributions.  Test 7 of Phase 2 has a PM distribution similar to what was found after 
loading, passive oxidation, and active regeneration.  Axial segments 1-3 were near the 
average PM density in the substrate, and axial segment 4 had a PM density that was 11% 
higher than the substrate average.  The post loading axial PM distribution from Test 4 of 
Phase 2 did not match any of the previous data from Phase 2, except for Test 2 of Phase 
2.  In section 6.5, it was discussed that the axial PM distribution after loading generally 
followed the trends of the wall flow velocity distribution.  Therefore, for the post loading 
scan from Test 4 of Phase 2 to have a different PM distribution trend, the wall flow 
velocity distribution would have had to change.  In section 2.1 it is shown that the wall 
flow velocity distribution is affected by changes in the permeability of the substrate wall 
and PM cake, and changes in the exhaust flow rate.  The exhaust flow rates were identical 
for the post loading portion of Tests 4 and 7 of Phase 2.  This means that the permeability 
of the PM cake layer and substrate wall would have to change to achieve a different axial 
PM distribution.  Therefore the permeability of the substrate and PM cake layer may be 
different after active regeneration events than the permeability after passive oxidation 
events.  The overall axial UI for the post loading from Test 4 of Stage 2 was 0.84 and the 
overall axial UI for the post loading from Test 7 of Stage 2 was 0.95.  Both tests had a 
similar amount of PM loaded in the substrate after the oxidation stage, indicating that the 
post loading after the active regeneration test produced a more non-uniform PM 
distribution than the post loading after the passive oxidation test. 
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Figure 6.43: Axial PM Distribution for all Post Loading Tests 
The axial PM distribution shown for the post loading from Test 4 of Phase 2 is similar to 
the axial PM distribution shown for Test 2 of Phase 2 in Figure 6.37.  The active 
regeneration results in section 6.7 also show that the active regenerations performed 
during Phase 2 did not alter the PM distribution that was found after PM loading 
significantly.  The passive oxidation results shown in section 6.6 indicate that partial 
passive oxidations oxidize more PM near the inlet of the substrate, until 65% of the 
available PM was oxidized.  Since Test 2 of Phase 2 was exposed to multiple loading, 
partial active regeneration, and partial passive oxidation cycles, the PM distribution prior 
to the cleanout likely looked similar to the result from the post loading scan from Test 4 
of Phase 2.  Since active regenerations were found to not change the PM distribution 
significantly during Phase 2, the cleanout that was performed during Test 2 may have 
maintained the axial PM distribution trend.  This, combined with the ash loading, is what 
may have caused the increased PM loading found in axial segments 3 and 4 after the 
cleanout.  In order to prevent an increased PM density near the outlet of the substrate, 
which is difficult to remove and could potentially damage the substrate should a runaway 
regeneration start, the operation of the CPF should depend on more passive oxidations, 
for longer periods of time, at lower PM densities, and the ability of the cleanout strategy 
used with CPFs to remove all of the PM from the substrate needs to be investigated.
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0
2
4
6
8
Axial PM Distribution After Post Loading
Z∗
PM
 L
oa
di
ng
 (g
/L
)
 
 
Phase 2 Test 4: 2.22-3.47 g/L & UI=0.84
Phase 2 Test 7: 1.85-2.99 g/L & UI=0.95
 138 
 
Chapter 7. Summary and Conclusions5 
The PM distribution trends that were measured after PM loading, passive oxidation, 
active regeneration, and post loading were discussed.  The substrates were scanned with a 
TAS7000 3D Imaging Analysis System, a terahertz wave scanner, manufactured by 
Advantest Corporation.  A total of 24 substrate scans were performed.  Six substrate 
scans were for baseline, unloaded, data sets, four substrate scans were taken after loading 
conditions, five substrate scans were taken after passive oxidation conditions, seven 
substrate scans were taken after active regeneration conditions, and two substrate scans 
were taken after post loading conditions.  The data collected from these scans provide a 
better understanding of the effect of loading, passive oxidation, active regeneration, and 
post loading on the PM distribution in the CPFs.   These data are needed to minimize the 
fuel consumption and emissions associated with the CPF, and prevent damage from a 
non-uniform PM distribution.  The scan data is also useful in the development of accurate 
CPF models.  This chapter presents a summary of the findings from Chapter 6.  Each 
section in Chapter 6 will be summarized independently.  Finally, the conclusions from 
this research are listed. 
 Summary of Experiments Conducted 7.1.
Analysis Method Functionality 
The results from five substrate scans, taken during Phase 1, were presented in section 6.1.  
The analysis method that was developed in sections 4.3-4.6 was applied to the data and 
the results were analyzed.  The loading scan result had a PM density that was 12% higher 
than the substrate average density near the outlet, indicating more PM was loaded near 
the outlet of the substrate.  The active regeneration results showed a PM density that was 
26-67% lower than the substrate average, indicating more PM was oxidized near the 
outlet of the substrate.  The passive oxidation result had a PM density near the middle of 
the axial length that was 28% higher than the substrate average, indicating less PM was 
oxidized near the middle of the substrate.  The analysis method found that the axial PM 
distribution was non-uniform (less than 0.94) for all five test cases.  The radial and 
angular PM distributions were non-uniform for active regeneration cases where 58% or 
more of the available PM was oxidized.  The data analysis method showed that both a UI 
and a 95th PR quantified the amount of variation in the data.  The UI measures the 
consistency in the average PM density and the 95th PR measures the range of the data 
used to calculate the average PM density.  Through the use of the UI and the 95th PR, the 
data nearest the centerline of the substrate was found to have a more uniform distribution.  
Lastly, the developed analysis method was found to quantify PM distribution trends that 
were not visible in plots of the data. 
 
                                                 
5 Parts of the material contained in this chapter have been submitted, or are being considered for 
submission, to SAE International for publication consideration. 
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Changes in the PM Density Calculation Process 
The difference between the original TAS7000 PM density calculation process and the 
developed PM density calculation process (section 4.1) was found for the 9 data sets in 
section 6.2.  The new PM density calculation process does not have the ability to 
distinguish between the PM and ash loading, whereas the old PM density calculation 
method did.  Therefore, the results from the new PM density calculation method give the 
PM data trends for the carbonaceous and ash content.  The ash loading in the parts that 
were used to analyze the functionality of the new PM density calculation method was 
below 0.3 g/L.  The results show that the new PM density calculation process produced 
results that were 0.05 to 0.50 g/L, or 1 to 19%, different than the original data processing 
method for each of the axial segments analyzed for the data sets from Test 1 of Phase 2.  
The largest differences were typically found in radial section 4.  The differences were 
0.06 to 0.15 g/L, or 1 to 6%, when radial section 4 was excluded.  The increase in the 
difference in radial section 4 is likely caused by additional error that is due to how the 
terahertz wave enters the substrate, which may have been accounted for in the original 
PM density calculation process.  The data sets from the shipping orientation and 
repeatability tests had differences between -1.11 and 0.57 g/L, or -34 to 147%, 
throughout the substrate.  The larger differences may be caused by a different number of 
axial sections used in the original and new PM density calculations, 64 and 63 axial 
sections respectively.  The differences between the new and original PM density 
calculation methods are thought to be caused in part by the absence of a blending factor 
in the new data processing method.  The effect of the blending factor may also be 
dependent on the average density of the PM in the substrate at the time of the substrate 
scan.  The original PM density calculation method used by the TAS7000 system software 
applied a blending factor to the data, and it is unknown how that affected the processed 
scan data.  The results of the new PM density calculation method are acceptable for the 
work being performed within this thesis.   
Advantest TAS7000 Repeatability 
The results of three repeatability tests were discussed in section 6.3.  The repeatability 
tests were performed on the substrates used for the active regeneration scan from Test 4 
of Phase 1, the passive oxidation scan from Test 1 of Phase 2, and the passive oxidation 
scan from Test 7 of Phase 2.  The repeatability of the TAS7000 was quantified using a 
95% CI.  The 95% CIs for the three repeatability tests were ± 0.11, 0.19, 0.62 g/L, which 
were 6-19% of the PM loading in the substrate.  The average 95% CI was ±0.31 g/L.  
This was used as the lower limit for detecting significant changes in the PM distribution.  
Differences in the PM distribution that are within the 95% CI are within the measurement 
variability and therefore, are not significant.   
Effect of Substrate Shipping Orientation 
The results from the substrate shipping test were presented in section 6.4.  The substrate 
from Test 4 of Phase 1, which was an active regeneration experiment, was shipped in 
three different orientations, and a scan was taken after each shipping orientation, to 
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determine if the shipping orientation had an impact on the PM density distribution.  The 
substrate was shipped in the following order: inlet pointed up, inlet pointed to the side, 
and inlet pointed down.  The difference in the PM distribution was calculated for the inlet 
to the side and inlet up orientation and the inlet down and inlet to the side orientation.  
The results indicated that the differences between the inlet to the side and inlet up and 
inlet down and inlet to the side orientations were within the 95% CI of the TAS7000 data, 
indicating that there was no significant change in the PM distribution.  The orientation of 
the substrate during shipping is not critical, but should remain consistent.  The effect of 
shipping the substrate with the inlet up could not be determined from these tests, due to 
the order in which the test had to be conducted. It is recommended that the substrate be 
shipped with the inlet up or to the side to prevent any possible loss of PM.  
PM Distribution Trends after Loading 
There were four loading tests discussed in section 6.5.  The average PM density in the 
substrates ranged from 2.81 to 5.18 g/L.  Three different PM distribution trends were 
found.  For a clean substrate loaded to 3.08 g/L with the ISL engine in Phase 2, axial 
segments 1 and 4 had average PM densities that were 12-15% higher than the substrate 
average.  Axial segments 2 and 3 had average PM densities that were 0-7% lower than 
the substrate average.  A substrate that had previous loading performed on it, and was 
cleaned out afterward, had a different PM distribution after loading when loaded to     
2.81 g/L, with the ISL engine in Phase 2, than the clean substrate mentioned previously.  
Axial segments 1-3 had average PM densities within 0-2% of the substrate average.  
Axial segment 4 had an average PM density that was 7% higher than the substrate 
average.  When the same substrate was loaded to 5.18 g/L with the ISL engine in Phase 2, 
the trend was similar to the 2.81 g/L loading as well as the 4.96 g/L loading conducted as 
part of Phase 1 with the ISB engine.  The average PM densities in axial segments 1-3 
were within -1 and 3% of the average PM density in the substrate.  Axial segment 4 had 
an average PM density that was 19% higher than the substrate average.    
The results indicate that the two different sized substrates loaded in a similar fashion and 
the modified engine calibration that was used with the ISB engine during Phase 1 to load 
the substrates did not affect the PM loading trends.  There was a difference in the PM 
distribution that occurred in a new substrate and a previously loaded substrate, with the 
previously loaded substrate having a PM density in axial segment 1 that was near the 
average PM density in the substrate instead of being 12% higher than the average.  As the 
PM density in the substrate increased, the axial trend remained similar, but the PM 
density in axial segment 4 increased from being 7% higher than the substrate average to 
19% higher.  In general the axial PM distribution followed the axial wall flow velocity 
distributions shown in section 2.1.  The radial and angular PM distributions were uniform 
for all loading tests.  In general, the PM distribution near the centerline was more uniform 
than the PM distribution near the edge of the substrate.  Published experimental and 
modeling results were found to generally agree with the measured PM distributions.  
Lastly, as the PM density in the substrate increased, the axial UI decreased.  The only 
uniform axial PM distribution occurred at a PM loading of 2.81 g/L.  The PM densities 
above 3 g/L had non-uniform distributions.  This indicates that the upper limit of the PM 
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density in a substrate should be no more than 3 g/L to maintain a uniform PM 
distribution.  The PM distributions for the four loading tests are summarized in Table 7.1.  
For each test, the overall UI in the axial, radial, and angular direction is given, along with 
comments on the PM distribution in each direction.  Any percentage that is given is a 
comparison between the local PM density in a particular axial segment and quadrant or 
radial section and the average PM density in the substrate. 
Table 7.1: Loading Tests PM Distribution Summary 
Test Axial Distribution Radial Distribution Angular Distribution 
Phase 1 Test 1: 
4.96 g/L 
0.89 0.96 0.96 
• Axial Segment 1: 5% Lower 
• Axial Segment 2: 2% Lower 
• Axial Segment 3: 0% Different 
• Axial Segment 4: 3% Higher (Peak 
was 12% Higher) 
• Quadrant 2 in Axial 
Segment 1 is Non-
Uniform  
• Radial Sections 3 and 4 in 
Axial Segment 1 are Non-
Uniform 
Phase 2 Test 1: 
3.08 g/L 
0.90 0.96 0.97 
• Axial Segment 1: 12% Higher 
• Axial Segment 2: 0% Different 
• Axial Segment 3: 7% Lower 
• Axial Segment 4: 15% Higher 
• All Quadrants are 
Uniform 
• All Radial Sections are 
Uniform 
Phase 2 Test 6: 
2.81 g/L 
0.94 0.97 0.97 
• Axial Segment 1: 1% Lower 
• Axial Segment 2: 0% Different 
• Axial Segment 3: 2% Lower 
• Axial Segment 4: 7% Higher 
• All Quadrants are 
Uniform 
• All Radial Sections are 
Uniform 
Phase 2 Test 6 
Second 
Loading: 5.18 
g/L 
0.89 0.95 0.95 
• Axial Segment 1: 1% Lower 
• Axial Segment 2: 3% Higher 
• Axial Segment 3: 1% Higher 
• Axial Segment 4: 19% Higher 
• Quadrants 1 and 2 in 
Axial Segment 4 are Non-
Uniform 
• Radial Sections 2 and 3 in 
Axial Segment 4 are Non-
Uniform 
 
PM Distribution Trends after Passive Oxidation 
Five passive oxidation tests were discussed in section 6.6.  During Phase 2, which used 
the ISL engine, it was found that when the substrate had a PM density near 3 g/L prior to 
the passive oxidation being performed, and the passive oxidation oxidized 22-28% of the 
available PM, more PM was oxidized near the inlet of the substrate. When 22% of the 
available PM was oxidized, axial segment 1 was 4% higher than the substrate average.  
For comparison, axial segment 1 was 12% higher than the substrate average after loading.  
Axial segment 4 went from having an average PM density that was 15% higher than the 
substrate average after loading to having a PM density that was 22% higher than the 
substrate average after passive oxidation.  Axial segments 2 and 3 had similar trends after 
loading and after passive oxidation.  When 28% of the available PM was oxidized, axial 
segment 1 had an average PM density that was 7% lower than the substrate average.  At 
the completion of loading, the average PM density in axial segment 1 should have been 
within 2% of the average PM density, based on the loading results.  Axial segment 4 
should have had a PM density that was 7% higher than the substrate average after 
loading, based on previous results.  After passive oxidation, axial segment 4 had an 
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average PM density that was 17% higher than the substrate average.  During Phase 2, 
which used the ISL engine, it was found that when 6% or 65% of the available PM was 
oxidized, and the PM density in the substrate was around 3 g/L prior to the oxidation 
taking place, the axial PM distribution was similar to the axial PM distribution after 
loading.  The engine condition that was used for the test that resulted in 6% of the PM 
being oxidized had space velocity that was 41% lower than the engine condition that 
resulted in 65% of the PM being oxidized, indicating that the space velocity did not have 
an effect on the PM distribution trends after passive oxidation for this test.   During Phase 
1, which used the ISB engine, it was found that when 45% of the available PM was 
oxidized, and the PM density in the substrate was near 6 g/L prior to the oxidation, more 
PM was oxidized near the inlet and outlet of the substrate, with a PM density in axial 
segment 2 that was 17% higher than the substrate average.  This distribution was not 
similar to any other passive oxidation distributions. 
The results of the passive oxidation tests indicate that when the PM density in the 
substrate is near 3 g/L prior to the passive oxidation, as it was during the Phase 2 
experiments with the ISL engine, the axial PM distribution after passive oxidation 
followed trends similar to those found after loading.  When 22-28% of the PM is 
oxidized, more PM was found to be oxidized near the inlet of the substrate.  When 6% or 
65% of the PM was oxidized, the axial distribution after passive oxidation was found 
unchanged from the axial distribution after loading.  When the PM density in the 
substrate is near 6 g/L prior to the passive oxidation, as it was during Phase 1 with the 
ISB engine, the axial PM distribution did not match the trends that were found after PM 
loading, which is a different result than the Phase 2 tests.  The difference could be caused 
the modified engine condition used during PM loading to achieve 6 g/L during Phase 1, 
the increased PM density prior to the passive oxidation, a difference in the space velocity 
for the passive oxidation condition, or PM loading that occurred in the substrate during 
stage 3 for the 3 g/L tests during Phase 2.  The radial and angular PM distributions were 
uniform for all passive oxidation tests.  In general, the PM distribution near the centerline 
of the substrate was more uniform.  The uniformity of the axial PM distribution was 
found to be affected by the amount of PM oxidized, and not the PM density in the 
substrate prior to the passive oxidation being performed.  When the amount of PM 
oxidized during the passive oxidation was 6% or 65%, the axial PM distribution was 
uniform.  The uniformity of the axial PM distribution was the lowest with a UI of 0.89 
when 22% of the PM was passively oxidized.  The axial UI increased to 0.91 when 28-
45% of the available PM was passively oxidized.  These data indicate that passive 
oxidations need to be performed until more than 45% of the available PM is oxidized in 
order to prevent non-uniform PM distributions.  Additionally, these data indicate that the 
PM density in the substrate prior to the passive oxidation does not have an impact on the 
uniformity of the PM distribution after oxidation.  The only possible impact from the PM 
density prior to the passive oxidation is the shape axial distribution.  The PM 
distributions for the five passive oxidation tests are summarized in Table 7.2.  For each 
test, the overall UI in the axial, radial, and angular direction is given, along with 
comments on the PM distribution in each direction.  Any percentage that is given is a 
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comparison between the local PM density in a particular axial segment and quadrant or 
radial section and the average PM density in the substrate. 
Table 7.2: Passive Oxidation Tests PM Distribution Summary 
Test Axial Distribution Radial Distribution Angular Distribution 
Phase 1 Test 3: 
45% Oxidized 
@ 372 °C 
0.91 0.96 0.94 
• Axial Segment 1: 2% Higher 
• Axial Segment 2: 17% Higher (Peak was 
28% Higher) 
• Axial Segment 3: 0% Different 
• Axial Segment 4: 4% Lower 
• All Quadrants are 
Uniform 
• Radial Sections 2-4 in Axial 
Segment 1 and 3-4 in Axial 
Segment 4 are Non-Uniform 
Phase 2 Test 1: 
22% Oxidized 
@ 349 °C 
0.89 0.97 0.98 
• Axial Segment 1: 4% Higher 
• Axial Segment 2: 2% Lower 
• Axial Segment 3: 4% Lower 
• Axial Segment 4: 22% Higher 
• All Quadrants are 
Uniform 
• All Radial Sections are 
Uniform 
Phase 2 Test 7: 
65% Oxidized 
@ 353 °C 
0.96 0.98 0.99 
• Axial Segment 1: 2% Lower 
• Axial Segment 2: 0% Different 
• Axial Segment 3: 3% Lower 
• Axial Segment 4: 11% Higher 
• All Quadrants are 
Uniform 
• All Radial Sections are 
Uniform 
Phase 2 Test 8: 
28% Oxidized 
@ 348 °C 
0.91 0.97 0.98 
• Axial Segment 1: 7% Lower 
• Axial Segment 2: 2% Lower 
• Axial Segment 3: 2% Lower 
• Axial Segment 4: 17% Higher 
• All Quadrants are 
Uniform 
• All Radial Sections are 
Uniform 
Phase 2 Test 9: 
6% Oxidized @ 
256 °C 
0.95 0.97 0.98 
• Axial Segment 1: 1% Higher 
• Axial Segment 2: 1% Higher 
• Axial Segment 3: 0% Different 
• Axial Segment 4: 9% Higher  
• All Quadrants are 
Uniform 
• All Radial Sections are 
Uniform 
 
PM Distribution Trends after Active Regeneration 
Seven active regeneration tests were discussed in section 6.7.  The results from Phase 2, 
which used the ISL engine, indicate that active regenerations that were performed when 
the PM density in the substrate prior to the active regeneration was 3-4 g/L had an axial 
PM distribution similar to the axial PM distribution after loading.  Axial segments 1-3 
had average PM densities that were within -5 to 1% of the average PM density in the 
substrate.  Axial segment 4 had average PM densities that were 5-7% greater than the 
substrate average.  The results from Phase 1, which used the ISB engine, indicate that 
active regenerations that were performed when the PM density in the substrate prior to 
the active regeneration was 5 g/L had an axial PM distribution that did not match the 
other axial PM distributions found for loading or active regenerations.  Axial segments 1 
and 2 had average PM densities that were 20-50% higher than the substrate average and 
axial segments 3 and 4 had average PM densities 10-66% lower than the substrate 
average.  A scan taken after a substrate cleanout was performed during Phase 2 had an 
axial PM distribution that was similar to the other Phase 2 experiments.  Axial segments 
1-3 had average PM densities that were -9 to 3% different than the substrate average and 
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axial segment 4 had an average PM density that was 14% higher than the substrate 
average.  The data indicate that multiple loading, partial passive oxidation, and partial 
active regeneration cycles did not significantly change the axial PM distribution that 
existed after an active regeneration. The cleanout, where the pressure drop across the 
CPF became constant, did not remove all of the PM though, and a region with a higher 
PM density that is near the outlet of the substrate likely contains ash.   
The active regeneration results indicate that active regenerations that are performed when 
the PM density in the substrate is 3-4 g/L, as it was during Phase 2 with the ISL engine, 
result in axial PM distribution that are similar to the axial PM distribution after loading.  
If the active regeneration occurred after the PM density in the substrate is near 5 g/L, as it 
was during Phase 1 with the ISB engine, more PM was oxidized near the outlet of the 
substrate.  This difference could be caused by the modified engine calibration used to 
load the substrates to 5 g/L during the Phase 1 experiments with the ISB engine, the use 
of stage 3 to stabilize the CPF temperature prior to weighing the CPF which loaded 6.7 
grams of PM during Phase 2 with the ISL engine, or the oxygen concentration in the 
exhaust.  The average density of the PM in the substrate prior to the active regeneration 
may have had an effect as well.  When the PM density in the substrate prior to the active 
regeneration was 5 g/L and 41-69% of the PM is actively regenerated, non-uniform PM 
distribution resulted.  When 81% of the PM was actively regenerated, as it was during 
Test 2 of Phase 2 with the ISL engine, a uniform PM distribution was found.  The 
temperature gradients in the CPFs used for the Phase 1 and Phase 2 tests were similar.  
The space velocity for the 5 g/L tests from Phase 1 with the ISB engine tests was similar 
to the space velocity for the 3-4 g/L tests from Phase 2 with the ISL engine.  Previously 
published PM distribution data for an active regeneration that resulted in 83% of the PM 
being oxidized had a similar axial distribution trend as the axial trend found during this 
study where 81% of the PM was actively regenerated.  The previously published work 
also shows that the active regenerations did not change the axial PM distribution 
significantly, which agrees with this data collected during this study.  In general though, 
the axial PM distribution in that study did not match the distribution trends found in this 
work.  Performing multiple loading, partial passive oxidation and partial active 
regeneration cycles on a substrate did not significantly impact the axial PM distribution 
trend after an active regeneration.  The substrate was not completely clean after a 
cleanout where the pressure drop across the substrate became constant.   
The uniformity of the axial, radial, and angular PM distributions was affected by the PM 
density in the substrate prior to the active regeneration being performed and the amount 
of PM that was oxidized during the active regeneration.  The PM distribution near the 
centerline of the substrate was still more consistent than the PM distribution near the edge 
of the substrate though.  When the amount of PM loaded in the substrate prior to the 
active regeneration was 5 g/L, and 41-69% of the PM was oxidized, as it was during 
Phase 1 with the ISB engine, the axial PM distribution was non-uniform.  The uniformity 
of the axial distribution decreased as the amount of PM that was oxidized during the 
active regeneration increased, until 81% of the PM was oxidized, as it was during Test 2 
of Phase 2.  When the PM density in the substrate prior to the active regeneration was    
3-4 g/L, as it was during Phase 2 with the ISL engine, the axial PM distribution was 
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uniform and remained uniform as the amount of PM that was oxidized during the active 
regeneration increased.  The radial and angular PM distributions were uniform when the 
PM density in the substrate prior to the active regeneration was 3-4 g/L, as it was with 
during Phase 2 with the ISL engine, and the uniformity slightly increased as the amount 
of PM that was oxidized increased.  When the PM density in the substrate prior to the 
active regeneration was 5 g/L, as it was during Phase 1 with the ISB engine, the radial 
and angular PM distributions were only uniform when the amount of PM oxidized was 
41% or 81%.  As the amount of PM that was oxidized increased, the uniformity of the 
radial and angular PM distribution decreased, until more than 69% of the PM was 
oxidized.  This trend indicates that active regenerations should be performed before the 
PM density in the substrate is above 4 g/L or until more than 81% of the PM is oxidized, 
to avoid non-uniform PM distributions.  These data are for two different engines, the ISB 
for Phase 1 and the ISL for Phase 2, and the ISB engine calibration was modified during 
the PM loading, which could have an impact on the PM distribution after active 
regeneration.  Additionally, when a substrate has been used for 70 hours, a higher PM 
density was found near the outlet of the substrate after an active regeneration that 
oxidized 81% of the PM was performed.  The higher PM density consists mainly of ash.  
The PM distributions for the seven active regeneration tests are summarized in Table 7.3.  
For each test, the overall UI in the axial, radial, and angular direction is given, along with 
comments on the PM distribution in each direction.  Any percentage that is given is a 
comparison between the local PM density in a particular axial segment and quadrant or 
radial section and the average PM density in the substrate. 
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Table 7.3: Active Regeneration Tests PM Distribution Summary 
Test Axial Distribution Radial Distribution Angular Distribution 
Phase 1 Test 1: 
58% Oxidized 
@ 497 °C 
0.84 0.93 0.91 
• Axial Segment 1: 34 % Higher 
• Axial Segment 2: 19% Higher  
• Axial Segment 3: 12% Lower 
• Axial Segment 4: 53% Lower (Peak was 
55% Lower) 
• Quadrant 3 in Axial 
Segments 3 and 4 are the 
only Uniform Quadrants 
• Radial Section 1 is the 
only Uniform Radial 
Section 
Phase 1 Test 2: 
41% Oxidized 
@ 491 °C 
0.85 0.96 0.94 
• Axial Segment 1: 14 % Higher 
• Axial Segment 2: 26% Higher  
• Axial Segment 3: 10% Lower 
• Axial Segment 4: 31% Lower 
• Quadrant 2 in Axial 
Segment 1 is Non-
Uniform 
• Radial Sections 2-4 in 
Axial Segment 1 and 3-4 
in Axial Segment 4 are 
Non-Uniform 
Phase 1 Test 4: 
69% Oxidized 
@ 577 °C 
0.80 0.91 0.89 
• Axial Segment 1: 62 % Higher 
• Axial Segment 2: 32% Higher  
• Axial Segment 3: 66% Lower 
• Axial Segment 4: 35% Lower 
• Quadrants in Axial 
Segment 3 are the only 
Uniform Quadrants 
• Radial Sections 3 and 4 
are Non-Uniform in Every 
Axial Segment 
• Radial Section 2 is 
Uniform in Axial 
Segment 3 Only 
Phase 2 Test 2: 
81% Oxidized 
@ 611 °C 
0.97 0.99 0.98 
• Axial Segment 1: 9% Lower 
• Axial Segment 2: 6% Lower 
• Axial Segment 3: 3% Higher 
• Axial Segment 4: 14% Higher 
• All Quadrants are 
Uniform 
• All Radial Sections are 
Uniform 
Phase 2 Test 3: 
26% Oxidized 
@ 519 °C 
0.96 0.97 0.97 
• Axial Segment 1: 1% Higher 
• Axial Segment 2: 2% Higher  
• Axial Segment 3: 2% Lower 
• Axial Segment 4: 5% Higher 
• All Quadrants are 
Uniform 
• All Radial Sections are 
Uniform 
Phase 2 Test 4: 
45% Oxidized 
@ 526 °C 
0.97 0.98 0.98 
• Axial Segment 1: 1 % Higher 
• Axial Segment 2: 1% Higher  
• Axial Segment 3: 3% Lower 
• Axial Segment 4: 5% Higher 
• All Quadrants are 
Uniform 
• All Radial Sections are 
Uniform 
Phase 2 Test 5: 
52% Oxidized 
@ 574 °C 
0.96 0.98 0.98 
• Axial Segment 1: 0 % Different 
• Axial Segment 2: 1% Higher  
• Axial Segment 3: 3% Lower 
• Axial Segment 4: 7% Higher 
• All Quadrants are 
Uniform 
• All Radial Sections are 
Uniform 
 
PM Distribution Trends after Post Loading 
Two post loading tests were discussed in section 6.8, both of which were from Phase 2 
and used the ISL engine.  One was completed after an active regeneration that oxidized 
45% of the available PM and the other was completed after a passive oxidation that 
oxidized 65% of the available PM.  The post loading tests increased the PM density in the 
substrate by 56 and 62%, from 2.22 g/L to 3.47 g/L (a difference of 1.25 g/L) and       
1.85 g/L to 2.99 g/L (a difference of 1.14 g/L), respectively.  The post loading after the 
active regeneration caused the PM density in each axial segment to increase and the axial 
PM distribution was different than the axial PM distribution found after active 
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regeneration or loading tests.  Axial segments 1-3 had average PM densities within -7 to 
5% of the substrate average.  Axial segment 4 had a PM density that was 26% higher than 
the substrate average.  This distribution trend caused the axial UI to decrease from 0.97 
after the active regeneration, to 0.84 after the post loading.  The post loading after the 
passive oxidation test had an axial PM distribution that was similar to the axial PM 
distribution found after passive oxidation and loading tests.  Axial segments 1-3 had 
average PM densities within -1 to 1% of the substrate average, and axial segment 4 had 
an average PM density that was 11% higher than the substrate average.  This distribution 
trend caused the axial UI to remain nearly constant.  After the passive oxidation, the axial 
UI was 0.96 and after the post loading the axial UI was 0.95. 
These results indicate that PM loading that takes place after an active regeneration 
produces a different axial PM distribution trend than PM loading that takes place after 
passive oxidations.  Since the PM loading distribution was found to generally follow the 
axial wall flow velocity distribution, the different loading distribution would be caused 
by a different axial wall flow velocity distribution for the active regeneration post 
loading.  The exhaust gas velocities were identical for both post loading tests, so the 
permeability of the substrate and PM cake layer would have to change in order for the 
wall flow velocity distribution to change for the active regeneration post loading.  This 
indicates that the permeability of the substrate wall and PM cake may be different after 
active regenerations than the permeability after PM loading and passive oxidations.  The 
axial PM distribution was uniform, and nearly constant, for the post loading after the 
passive oxidation.  The axial PM distribution became non-uniform (a decrease from 0.97-
0.84) after the post loading after the active regeneration.  This indicates that post loading 
that is performed after partial active regenerations can cause non-uniform axial PM 
distribution.  The radial and angular PM distributions were uniform for both post loading 
tests.  In general, the PM distribution near the centerline was more uniform than the PM 
distribution near the edge of the substrate.  The PM distributions for the two post loading 
tests are summarized in Table 7.4.  For each test, the overall UI in the axial, radial, and 
angular direction is given, along with comments on the PM distribution in each direction.  
Any percentage that is given is a comparison between the local PM density in a particular 
axial segment and quadrant or radial section and the average PM density in the substrate. 
Table 7.4: Post Loading Tests PM Distribution Summary 
Test Axial Distribution Radial Distribution Angular Distribution 
Phase 2 Test 4: 
2.22 to 3.47 g/L 
Increase of 1.25 
g/L 
0.84 0.95 0.95 
• Axial Segment 1: 7 % Lower 
• Axial Segment 2: 3% Lower  
• Axial Segment 3: 5% Higher 
• Axial Segment 4: 26% Higher 
• Non-Uniform Distributions in: 
o Quadrant 2 in Axial Segment 1 
o Quadrant 2 in Axial Segment 3 
o Quadrants 1, 2, and 4 in Axial 
Segment 4 
• Radial Sections 3 and 4 
had Non-Uniform 
Distributions in Axial 
Segments 1 and 4 
Phase 2 Test 7: 
1.85 to 2.99 g/L 
Increase of 1.14 
g/L 
0.95 0.97 0.98 
• Axial Segment 1: 1% Higher 
• Axial Segment 2: 1% Higher  
• Axial Segment 3: 1% Lower 
• Axial Segment 4: 11% Higher 
• All Quadrats are Uniform • All Radial Sections are Uniform 
 
 148 
 
The axial PM distribution that was found after the post loading that was performed after 
the active regeneration test (Test 4 of Phase 2) had a trend that was similar to the axial 
PM distribution found for the substrate exposed to multiple loading, partial passive 
oxidation, and partial active regeneration cycles.  Active regenerations performed on 
substrates with PM densities between 3 and 4 g/L were found to not alter the axial PM 
distribution, during Phase 2.  The axial trend found after a substrate cleanout that 
oxidized 81% of the PM, which was performed on the substrate used for multiple 
loading, partial passive oxidation, and partial active regeneration cycles, may be caused 
by the axial PM distribution trend that was found after post loading on a partial active 
regeneration.  Due to this, the cleanout strategy used with CPFs may have to be modified 
to ensure that the substrate is clean at the completion of the cleanout. 
 Conclusions 7.2.
The main conclusions of this work, which are based on the goals stated in Chapter 1 and 
the results presented in Chapter 6, are as follows. 
Methodology for Data Collection and Analysis 
• The experimental methods that are required to perform PM distribution 
experiments have been developed.  These include the procedures for weighing, 
scanning, and canning the substrates, along with the procedures used to conduct 
the experiments. 
• The methodology was developed to: 
o Calculate the PM density in the substrate using the TAS7000 scan data. 
o Convert the data from units of grams per liter to units of grams per unit 
surface area. 
o Analyze the PM distribution trends in the TAS7000 data in multiple 
directions. 
o Analyze the integrity of the data from the TAS7000 and detect for shifting 
or other noise in the data sets. 
• The TAS7000 was able to measure the PM distribution trends for two different 
size substrates, with average PM densities between 1 and 6 g/L.  Differences in 
the PM density in the substrate were identifiable.   
• A method that allowed for the analysis of the PM distribution trends in the axial, 
radial, and angular direction was developed.  The method used the average PM 
density, a 95th PR for the average PM density, and a UI to quantify the PM 
distribution.  The method was shown to provide data trends that could not be 
deduced from observing the plots of the data. 
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• A UI value of 0.94 or higher indicates that the distribution is uniform. 
• A method to calculate the PM density in the substrate based on the raw data from 
the TAS7000 was developed.  The method was validated against the original 
method used by the TAS7000 to calculate the PM density in the substrate.  The 
new method produced PM density values that were on average within 0.05 to   
0.50 g/L, or 4 to 19% of the average PM density at the time of the scan when the 
number of axial sections used for the comparison was the same for both PM 
density calculation methods.  When the number of axial sections was different for 
the two methods, the differences were to -1.11 to 0.57 g/L, or -33 to 147%.  The 
differences are thought to be caused by a blending factor that was used in the 
original PM density calculation process. 
• The 95% CI of the TAS7000 data was found to be ±0.31 g/L.   
• The shipping orientation of the substrate does not matter.  The variations in the 
PM distribution were less than the 95% CI of the TAS7000 data for three shipping 
orientations. 
Distribution Trends after PM Loading 
• The axial PM distribution trends after loading were found to follow the predicted 
wall flow velocity distribution profiles and are non-uniform for substrate average 
PM densities above 3 g/L. The PM density near the outlet of the substrate was 7-
19% higher than the average PM density in the substrate.  A clean substrate has a 
different axial PM distribution than a previously loaded substrate.   
• The radial and angular PM distributions are uniform after loading, and the PM 
distribution was more uniform near the centerline of the substrate.   
• The two different size substrates had a similar axial PM distribution trend after 
loading.   
• The modified engine calibration that was used during Phase 1 had a similar axial 
PM distribution as the standard engine calibration that was used during Phase 2. 
Distribution Trends after Passive Oxidation  
• When passive oxidations occurred at PM densities near 3 g/L, the axial PM 
distribution was similar to the loading axial PM distribution.  When 22-28% of 
the available PM was oxidized, for the experiments conducted, more PM was 
oxidized near the inlet of the substrate and the axial PM distribution was non-
uniform.  For one test the PM density near the inlet of the substrate was 12% 
higher than the substrate average after loading, and 4% higher than the substrate 
average after passive oxidation.  The other regions of the substrate had a similar 
PM distribution trend before and after oxidation.  
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• When passive oxidations occurred at PM densities near 3 g/L, and when 6 or 65% 
of the available PM was oxidized, the axial PM distribution was uniform and 
followed the trends found after loading.   
• As the mass of PM that was passively oxidized increased above 22%, for the 
experiments conducted, the uniformity of the axial distribution increased.   
• For the experiment conducted where a passive oxidation occurred at a PM density 
near 6 g/L and 45% of the available PM was oxidized, more PM was oxidized 
near the inlet and outlet of the substrate, with less PM being oxidized near the 
middle of the substrate.  The PM density in axial segment 2 was 17% higher than 
the substrate average.  This was a non-uniform axial PM distribution.   
• The radial and angular PM distributions were uniform for all passive oxidation 
experiments.   
• The differences in the axial PM distribution trends for the two different average 
PM density test cases could be caused by the higher loading, the modified engine 
calibration used to load the substrate, a different space velocity, or additional PM 
loading that occurred for the 3 g/L passive oxidation cases from Phase 2 that 
could change the axial PM distribution trend.   
Distribution Trends after Active Regeneration 
• When active regenerations occurred at PM densities near 3-4 g/L, the axial, radial, 
and angular PM distributions were uniform, regardless of the mass of PM 
oxidized or the temperature of the active regeneration.  The axial PM distribution 
trend after active regeneration was similar to the axial PM distribution trend after 
loading.   
• When active regenerations occurred at PM densities near 5 g/L, the axial PM 
distribution was non-uniform until 81% of the PM was oxidized.  The uniformity 
decreased as the mass of PM oxidized increased, until after 69% of the PM was 
oxidized.  The axial PM distribution trend showed more PM being oxidized near 
the outlet of the substrate when 41-69% of the PM was oxidized, which does not 
match the axial PM distribution trends found after loading or the other active 
regeneration experiments performed.  The PM density near the outlet of the 
substrate was 21-50% lower than the substrate average when 41-69% of the PM 
was oxidized. 
• For the experiments conducted where active regenerations occurred at PM 
densities near 5 g/L, the radial and angular PM distributions were uniform when 
41 or 81% of the available PM was oxidized, but non-uniform between those 
values. 
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• The differences in the axial PM distribution trends for the two different average 
PM density test cases could be caused by the modified engine calibration used to 
load the substrate, the PM loading that occurred during stage 3 from the 3-4 g/L 
active regeneration experiments from Phase 2, differences in the oxygen 
concentration in the exhaust.   
• The PM density in the substrate prior to the active regeneration could also affect 
the axial PM distribution trend when 41-69% of the PM is oxidized.  
• When a substrate experiences multiple PM loading, partial active regeneration, 
and partial passive oxidation cycles, the substrate cleanout used did not remove 
all of the PM, and the resulting axial PM distribution trend is not significantly 
different than the trends found for other active regenerations. 
Distribution Trends after Post Loading 
• The post loading that occurred after an active regeneration where 45% of the 
available PM was oxidized resulted in a non-uniform axial PM distribution.  The 
axial PM distribution trend showed an increased PM density in each axial 
segment and a PM density near the outlet that was 26% higher than the substrate 
average.  This does not match the axial PM distribution trends found after active 
regeneration or loading experiments, where axial segments 1-3 had a similar PM 
density and the PM density near the outlet was 5-19% higher than the substrate 
average.  The difference may be caused by a change in permeability of the 
substrate and PM cake, causing the wall flow velocity distribution to change. 
• The axial PM distribution trend that was found for post loading after an active 
regeneration was similar to the axial PM distribution found after a cleanout was 
performed on the substrate that experienced multiple PM loading, partial active 
regeneration, and partial passive oxidation cycles. 
• The post loading that occurred after a passive oxidation where 65% of the 
available PM was oxidized resulted in a uniform axial PM distribution trend that 
is similar to the loading and passive oxidation axial PM distribution trends. 
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Chapter 8. Recommendations 
The data that were collected in this study give trends of the PM distribution that can be 
expected after PM loading, passive oxidation, active regeneration, and post loading 
conditions.  The PM density in the substrate prior to oxidation, amount of PM that was 
oxidized in the substrate, and the type of oxidation that occurred prior to the post loading 
were the three main parameters that were varied.  Additionally, the temperatures at which 
active regenerations were performed and the engine conditions used for passive oxidation 
were varied.  The results presented PM distribution trends that were previously unknown.  
This chapter discusses recommendations that should be considered for future work.  
There are three main areas of recommendations: 1) process improvement, 2) physical 
understanding, and 3) future tests.  Since there is limited experimental data on the PM 
distribution trends after loading, passive oxidation, and active regeneration conditions, 
there is still a need for additional tests and analysis that can be used to develop a 
fundamental understanding, and to develop better CPF models.  It is important that the 
data be collected in an efficient way and be of high quality. 
Process Improvement 
The work presented in this thesis was the first experimental study into PM distribution 
data for CPFs performed at MTU.  The test procedures and test conditions that were used 
were adapted from the work performed by Shiel [4] and Pidgeon [5].  However, stage 3, 
which was used to stabilize the CPF temperature after passive oxidations and active 
regenerations, and return the CPF to a repeatable temperature prior to weighing it, should 
be reconsidered.  During Phase 1 of the maldistribution study, stage 3 was a weighing 
condition that loaded 0.2-0.3 grams, or 0.02-0.03 g/L, of PM into the substrate.  During 
Phase 2, stage 3 loaded between 5 and 8 grams, or 0.29-0.47 g/L, of PM into the 
substrate. The effect of this loading on the PM distribution is not known.  Therefore, if 
the loading engine condition that is used during stage 2 loads more than 0.05 g/L into the 
substrate in 30 minutes, a different weighing condition should be used.  This will 
minimize the effect of stage 3 on the PM distribution.  The other option would be to 
remove stage 3 from PM distribution studies.  The substrate is weighed after each test is 
completed, and it was found that those weights correlated to in- test weights.  Using the 
substrate only mass that is taken after the test is completed will still allow the mass 
balance to be completed.  The one problem with not performing stage 3 is that if there 
was residual PM at the start of the test, which was not cleaned out, it could not be 
identified.  By running stage 3 and comparing the in-test substrate mass to the substrate 
only mass measurements, residual PM that was not cleaned out can be identified by the 
difference between the two measurements.  Either way, care should be taken to measure 
the PM distribution at the completion of the oxidation stage of the test and limit 
additional PM loading. 
It is also recommended to re-run the shipping orientation test.  The original test was 
completed with the goal of keeping the shipping orientation the same for all initial 
substrate scans.  Therefore, the first shipping was done with the inlet of the substrate 
pointed up.  The test should be repeated with the inlet of the substrate pointed to the side 
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as the first shipping orientation.  That would allow the effect of shipping the substrate 
with the inlet pointed up to be identified.  The shipping orientation test should also be 
completed on a recently loaded substrate.  The substrate that was used for the shipping 
test that was conducted had not been tested on for nine months and the effect of that time 
on the PM is not known. 
In keeping with process improvement, additional repeat scans and tests should be 
conducted.  The repeat scans that were performed with the TAS7000 showed a large 
amount of variation.  Two of the repeat tests had a 95% CI of ±0.11-0.19 g/L, with the 
third repeat test having a 95% CI around ±0.62 g/L.  This is wide range of 95% CIs, and 
it would be useful to know of the ±0.62 g/L was an outlier.  As the need for more 
accurate PM distribution information arises, it would be useful to know the actual 
repeatability of the TAS7000 so that the distribution trends can be discussed with 
certainty.  Repeat tests on PM loading, passive oxidation, and active regenerations cases 
should be conducted in the MTU test cell as well to verify the repeatability of the PM 
distribution trends.  The two loading scans that were taken as part of this work had 
different axial PM distributions.  Knowing the repeatability of the PM distribution trends 
would allow the results to be discussed with greater certainty.   
Physical Understanding 
The PM density measurements that are taken by the TAS7000 should be verified against 
physical measurements to ensure their accuracy.  This would be done by first scanning a 
PM loaded substrate, and then performing a destructive test to analyze the PM density in 
regions of the substrate.  The PM density in different regions of the substrate could be 
measured by weighing the section before and after performing an oven regeneration of 
the sectioned part.  The mass difference, divided by the volume of the sectioned part 
would give the local PM density measurement.  The physical data points would not have 
to represent the same resolution as the TAS7000, but an effort should be made to find 
data within the axial segments, radial sections, and quadrants.  By comparing the 
measurements of the TAS7000 and the destructive physical measurements, the accuracy 
of the PM density calculation method that was developed in section 4.1 can be verified.  
The physical correlation of the TAS7000 data to the actual PM density distribution in the 
substrate is not known at this time. 
The threshold of the UI that indicates a uniform/ non-uniform distribution should be 
verified using physical data.  Right now the threshold is correlated to an amount of 
variation in the data.  Tests should be conducted with the intent of finding the value of the 
UI that correlates to a PM distribution that causes damage to a substrate.  Based on 
conversations with Cummins, they have a general idea of what PM distributions should 
be avoided, but there has been not been any data collected that support this idea.  
Understanding the correlation between damaging distributions and the UI would give the 
threshold of the UI a stronger physical meaning and would allow PM distributions to be 
classified as damaging.  Classifying a PM distribution as damaging would allow for 
engineers to make decisions about how to prevent PM distributions that may damage 
substrates. 
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Possible Future PM Distribution Tests 
The data collected in this study provided preliminary data on the PM distribution for a 
CPF after loading, passive oxidation, and active regeneration conditions.  Due to the lack 
of experimental data in this area, there is still a lot of work that can be accomplished.  A 
list is provided below of possible tests that could be conducted based on the results found 
for this research.   
• Active regenerations and passive oxidations should be performed on clean 
substrates at PM densities near 5 g/L.  The PM should be loaded without 
modifying the engine calibration.  This would allow the results from the Phase 1 
tests, which were obtained with a modified engine calibration, to be compared to 
standard engine calibration results at similar loadings. This would allow the effect 
of the modified engine calibration on the PM distribution to be studied.  This 
would also provide the results of passive oxidation and active regenerations at a 
different PM density that could be compared to the results found in Phase 2. 
• Multiple engine operating conditions should be used for PM loading, active 
regeneration, and passive oxidation tests.  The exhaust space velocity, NO2 
concentration into the CPF, and exhaust temperature should all be varied.  The 
current results are for one or two engine conditions and rather limited in scope.   
• The evolution of the PM distribution as a function of loading should be studied 
closer.  This work analyzed the PM distribution near 3 and 5 g/L.  Additional data 
points could show the exact evolution of the PM distribution and provide a better 
understanding of the resulting uniformity.  The evolution of the PM distribution 
would assist in the development of accurate CPF models.  The MTU modeling 
team is interested in this test. 
• Based on the results found for the post loading studies in Phase 2, it would be 
useful to examine the post loading after different levels of oxidation.  This is 
especially true for passive oxidation, where achieving 65% oxidation may be 
difficult in real world driving scenarios.  For active regenerations, it would be 
important to see how the substrate loads after the substrate is cleaned out. 
• The results from Test 2 of Phase 2 are the only results that were taken after 
multiple loading and oxidation cycles.  The results showed an increasing PM 
density in the axial direction for the inlet to the outlet of the substrate which is 
slightly different than other active regeneration results.  A test should be designed 
that would investigate how PM loading and incomplete PM oxidation affect the 
PM distribution.  Post loading should be included as part of this study, since the 
post loading after an active regeneration showed a significant increase in the PM 
density near the outlet of the substrate. 
• The effect of transient operation on the PM distribution would be another test that 
could be conducted.  This would provide a more real world PM loading and 
oxidation scenario and possibly open other areas for investigation. 
• The effect of ash loading on the PM distribution in the substrate should also be 
studied in the future, using tests similar to what is listed above.  
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Appendix A. CPF Canning Procedures 
The CPFs that were used for the research discussed in this thesis had a removable can, as 
discussed in Chapter 3.  Due to this, the CPF had to be canned before every test.   This 
appendix describes the procedure that is used to can the CPF.   The procedure for the ISB 
and ISL substrates is identical, only the dimensions of the parts are different. 
Prior to the first time a substrate is canned, there are markings that need to be made.  
Place all markings on the side of the substrate so that they will be visible after loading the 
substrate.   
1. Label the substrate with the phase and substrate number.  For example substrate 3 
of Phase 2 would be labeled P2S3.  See Figure A.1. 
 
Figure A.1: Substrate Labeling 
2. Mark the direction of flow through the substrate.  Cummins will typically mark 
the inlet of the substrate, but after the substrate is loaded for the first time, this 
will be difficult to see.  A flow arrow can be seen in Figure A.1 as well. 
3. Cummins will typically place alignment marks on the substrate for how they 
orientate the substrate during scanning.  Make sure the alignment marks are on the 
inlet face of the substrate, on the side of the substrate towards the inlet and outlet, 
and on the outlet face of the substrate.  This way the alignment marks can be seen 
from any direction.  An example of this is shown in Figure A.2. 
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Figure A.2: Substrate Alignment Marks 
4. The last required marking is for the radial locations of the thermocouples to be 
placed within the substrate.  This may have to be done after the substrate is 
canned for the first time, if a substrate of similar size hasn’t been done already.  If 
a substrate of similar size has been done already, the markings can be transferred 
by measurements.  An example of the markings used for the thermocouple 
locations is shown in Figure A.3. 
 
Figure A.3: Thermocouple Location Markings 
After a substrate is marked completely, it is ready to be canned.  The canning process 
follows. 
1. Place the substrate on two blocks of equal height.  The blocks need to be tall 
enough to center the substrate inside the can during the canning process.  For the 
ISB substrate the required height is 57.15 mm and for the ISL substrate the 
required height is 46.04 mm.  When the substrate is first placed on the blocks, the 
edges of the blocks should stick out past the edges of the substrate to allow the 
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matting to rest on the blocks while it is being wrapped around the substrate.  The 
blocks can be seen underneath the substrate in Figure A.4. 
 
Figure A.4: Matting Alignment 
2. Wrap a new piece of matting around the substrate.  Rest the matting on the blocks 
underneath the substrate while positioning it.  The matting is aligned with the 
substrate using the alignment mark on the face of the substrate.  Since the matting 
has an offset cut in it, the alignment mark is placed halfway between the inner-
most and outer-most edges of the cut.  This is shown in Figure A.4. 
3. Once the matting is positioned with the substrate correctly, uses steel wire to hold 
the matting against the substrate.  Wrap the wire in around the matting in three 
locations, as shown in Figure A.4, and twist the ends together to tighten it down.  
Trim off the excess wire. 
4. The blocks underneath the substrate will now have to be moved closer to the 
center of the substrate to allow the can to fit correctly. 
5. Place the can around the substrate.  The can has alignment marks that need to be 
aligned with the substrate, as shown in Figure A.5.  The alignment mark on the 
substrate is aligned with the left side of the bolt flange.  There is also an inner 
sleeve used in the can that has to be aligned with the alignment mark on the rim of 
the can.  Both the inner sleeve and rim of the can are scratched to show the 
alignment position.  The alignment of the substrate, inner sleeve, and can are 
checked before the can is tightened around the substrate.  This is accomplished by 
squeezing the two bolt flanges together by hand, and checking all of the alignment 
marks.  It was found during assembly that the left bolt flange tends to not move 
during the tightening of the can around the substrate, and only the right flange 
will move.  Squeezing the bolt flanges together by hand will provide enough 
pressure to check the alignment.  However, during the tightening of the can, 
adjustments may have to be made if the left bolt flange moves. 
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Figure A.5: Substrate and Can Alignment 
6. After the alignment is checked, two C-clamps are placed on the bolt flange to 
begin the tightening process.  The C-clamps are tightened slowly and uniformly to 
avoid misalignment in the can.  Once the bolt flanges are close enough, insert the 
bolts in the seven bolt holes, and place the washers and nuts on the bolts to hold 
the can closed.  The C-clamps can then be released. 
7. Tighten the bolt flange slowly and evenly, to prevent distortion of the can, using 
the bolts.  The recommending bolt tightening sequence is given in Figure A.6.  
Continue to tighten the bolts until the two flanges are compressed together.  The 
bolts will not tighten anymore at that point, due to the metal on metal contact. 
 
Figure A.6: Bolt Tightening Sequence 
8. Instrument the now canned CPF. 
a. The ISB has 28 internal thermocouples, 1 thermocouple in the outlet, 2 
thermocouples at the inlet, 1 emissions probe, 2 pressure drop probes, and 
the OEM thermistors and pressure drop probes. 
b. The ISL has 28 internal thermocouples, 3 thermocouples in the inlet, and 3 
thermocouples in the outlet.  All of the other instrumentation is the other 
components of the exhaust. 
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Appendix B. CPF Weighing Procedure 
The substrate is weighed multiple times during the testing process.  This appendix 
discusses the different procedures that are used to weigh the substrate.  The in- test 
procedure is used to weigh the substrate during the on-engine testing.  The substrate only 
measurement procedure is used to weigh the substrate after it has been removed from the 
can and before it is shipped, or after it has been shipped and before it is canned.  The 
Cummins’ procedure is used to weigh the substrate before it is scanned with the 
TAS7000.  Details on the scales used in these procedures can be found in Chapter 3. 
 Procedure During a Test B.1.
The CPF needs to be weighed in the middle of on-engine tests to allow for the calculation 
of the PM mass balance.  Weighing the CPF provides a measure of the amount of PM 
retained in the CPF.  Figure B.1 shows the ISL CPF as it is installed in the exhaust line.  
The clamp labeled 1 is the clamp that connects the DOC to the CPF.  The clamp labeled 2 
connects the CPF to the outlet cone.  Although Figure B.1 is for the ISL CPF, the ISB 
CPF is installed in the exhaust in a similar fashion.  The steps taken to weigh the CPF 
during testing are given below. 
 
Figure B.1: CPF Clamp Removal 
1. Run the engine at a repeatable engine point for 30 minutes to let the CPF 
temperature stabilize.  For the Phase 1 work, this was the “Weighing” EOC from 
Table 5.2.  For the Phase 2 work, this was EOC B, from Table 5.8.  Running a 
repeatable engine condition and letting the CPF temperature stabilize will help to 
maintain consistent CPF mass measurements.  Austin, in reference [36],   
describes the effect of temperature on the mass of the substrate.  Weighing the 
CPF hot is important because water will not be adsorbed into the PM of the 
substrate, which would decrease the accuracy of the measurement. 
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2. Switch from the Trapline to the Baseline, to route the engine exhaust around the 
aftertreatment system.  This allows the engine to be cooled down before being 
stopped. 
3. After cooling down the engine, shut the engine down. 
4. Remove the two exhaust clamps that connect the DOC, CPF, outlet cone 
assembly to the rest of the exhaust.  Disconnect all of the thermocouples, pressure 
sensor lines, emissions lines, and other sensor wires from the assembly. 
5. Lift the assembly out of the exhaust line and set it down vertically with the outlet 
cone down and the inlet to the DOC pointed up. 
6. Remove clamp 1 and lift the DOC off.  Set the DOC off to the side. 
7. Remove clamp 2 and lift the CPF off.  Take the CPF over towards the scale. 
Note:  Both Austin [36] and Hutton [3] discuss the need to cap the ends of the CPF 
during the weighing process to eliminate the chance of having airflow through the 
substrate, which would generate lift.  However, caps were not available during the Phase 
1 work, and the caps that were available for the Phase 2 work did not fit properly.  
Instead the focus was on being consistent in the amount of time it took to remove the 
substrate and weigh it, and on maintaining a consistent CPF temperature during mass 
measurements.  Hutton, in reference [3], recommends maintaining CPF temperatures 
within ±15 °C for mass measurements taken during different stages of testing.  Mass 
measurements that were completed in- test agreed with mass measurements that were 
completed post-test using this method.   
8. Record the temperature of the thermocouples C1-C4 and Q1-1- Q1-12.  These 
thermocouple measurements should be within ±15 °C each time the substrate is 
weighed [3]. 
9. Place the 17.9 kg calibration weight on the scale and record the measurement.  
Repeat this for a total of three measurements.  Ensure that the weight is placed in 
a similar location for all three measurements. 
10. Place the CPF on the scale and record the measurements.  Repeat this for a total 
of three measurements.  Ensure that the CPF is placed in a similar location for all 
three measurements. 
11. Place the CPF on the outlet cone, align the alignment marks, and attach clamp 2. 
12. Place the DOC on the CPF, align the alignment marks, and attach clamp 1. 
13. Lift the assembly back into the engine exhaust system and attach the two exhaust 
clamps that connect the DOC and outlet cone to the rest of the exhaust system.  
Connect all of the sensor wiring, emissions lines, pressure sensor lines, and 
thermocouples.  
14. Start the engine, with the exhaust still routed through the Baseline.  Allow the 
engine to warm up. 
15. Once the engine is at the desired operating condition, and is warm and stabilized, 
switch from the Baseline to the Trapline and continue the test. 
 165 
 
 Substrate Only Measurement Procedure B.2.
It is important to be able to measure the mass of the substrate without the can and 
instrumentation occasionally.  This is usually done when the substrate is new (before any 
testing has been done), after each test that was conducted, and before a test that was 
stopped in the middle is started again.  All of these measurements need to be taken hot to 
avoid water adsorption by the PM.   
Substrates are weighed when they are clean to establish a baseline weight.  Substrates are 
weighed after tests are completed for two reasons.  The first is that it is important to 
verify the mass measurements that were taken during testing, especially when using 
specialized aftertreatment systems that have a lot of components that are changing on 
them.  The second reason is that the matting that is wrapped around the substrate contains 
volatile material.  The volatiles will be baked off during testing, causing mass 
measurements to be erratic.  Typically, a substrate cleanout at the beginning of a test will 
remove the volatiles.  However, if a test is not started from the beginning the volatiles 
cannot be baked off before any mass measurements are taken.  In that case, the substrate 
only measurements are used to determine the amount of PM retained in the substrate.  For 
this same reason, the substrate is weighed before testing if the test is not being started 
from the beginning.  The procedure used to obtain substrate only measurements is given 
below. 
1. Turn on the Photoelastic P-2307M oven.  Set the temperature to 232 °C.  Wait 1 
hour for the oven to warm up. 
2. Remove the substrate from the can, if the substrate was canned.   
3. Insert 1 thermocouple into the center outlet channel of the substrate.  The 
thermocouple should measure the temperature near the middle of the axial length. 
4. Place the substrate in the oven.  Every 30 minutes, rotate the substrate 90°.  
Repeat this until the internal temperature of the substrate is near 200 °C. 
5. Once the substrate temperature reaches 200 °C, use a second thermocouple to 
record the internal temperatures at four other locations.  The locations should be 
near the edge of the substrate and 90° apart.  Each measurement should be taken 
near the middle of the axial length.  A diagram indicating the general location of 
the temperature measurements is shown in Figure B.2. 
 
Figure B.2: Temperature Measurement Locations for Substrate Baking 
Flow
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6. Remove the substrate from the oven and remove all thermocouples. 
7. Place the 4.5 kg calibration weight on the scale and record the measurement.  
Repeat this for a total of three measurements.  Ensure that the weight is placed in 
a similar location for all three measurements. 
8. Place the 6.8 kg calibration weight on the scale and record the measurement.  
Repeat this for a total of three measurements.  Ensure that the weight is placed in 
a similar location for all three measurements. 
9. Place the substrate on the scale and record the measurement.  Repeat this for a 
total of three measurements.  Ensure that the substrate is placed in a similar 
location for all three measurements. 
Note:  If the substrate is in a clean state and is being weighed for the first time, record the 
mass at room temperature.  Insert a thermocouple along the centerline to the middle of 
the substrate and measure the internal temperature.  Remove the thermocouple and 
perform steps 7- 9 after completing step 1.  Then start at step 3 and finish the rest of the 
procedure.  
 Cummins’ Procedure B.3.
After a test has been completed on a substrate, it is shipped to the Cummins Technical 
Center in Columbus, IN for a scan to be taken.  Prior to the scan being taken, Cummins 
measures the mass of the substrate using their procedure.  The mass measurement that 
results from this process is the value that is used in the calculation of the PM density 
using the raw TAS7000 data.  Thus, this is the measurement that is considered the most 
critical for the purposes of this work, since it is part of the accuracy of the TAS7000 
system.  Overall, the measurements made at MTU and at Cummins were no more than 2 
grams different.  This procedure was provided by Rogoski in reference [37]. 
1. Heat the substrate to 150 °C. 
2. Let the part cool to 50 °C. 
3. Measure the mass of the substrate. 
4. Place the substrate in the TAS7000 for scanning. 
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Appendix C. Substrate Shipping Procedure 
The substrate has to be shipped to the Cummins Technical Center in Columbus, IN for it 
to be scanned by the TAS7000.  This appendix details the process used to ship the 
substrate between MTU and Cummins.  This process occurs after the substrate is weighed 
at MTU at the completion of the test.  See Appendix B.2. 
1. Place the substrate inside a plastic shipping bag. 
2. Slip the substrate, in the bag, into the foam inserts that are placed within the 
shipping crate.  There are four foam inserts. 
3. Place the foam inserts, with the substrate inside, into the wood shipping crate.   
4. Place a cardboard cover over the substrate inlet, inside the bag, to add additional 
protection.  The cover is designed to fit over top the substrate, without touching 
the inlet.   
5. Close the plastic bag over the substrate cover, and tape the edges of the bag down 
to seal it off.  Figure C.1 shows the substrate in the foam inserts, with the 
cardboard cover, and the edges of the bag taped down.  
 
Figure C.1: Substrate in Shipping Crate 
6. Close the shipping crate. 
7. Strap the shipping crate to a pallet.  This will ensure the orientation of the 
shipping crate is maintained throughout the shipping process.  All shipping was 
done with the inlet in the upright position.  
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Appendix D. Test Plan Measurements 
This appendix shows the type of measurements that were taken during each stage.  This is 
the general test plan that was followed for every Phase 2 experiment. 
Test Plan for Part 1 (6 PM Filters are Needed) 
1. Warm Engine Up 
2. Verify Passive Oxidation Condition/ Active Regeneration Condition (If not 
stopping the test for substrate scan after loading.) 
a. Collect Dilution Ratio Data at Passive Oxidation/ Active Regeneration 
Condition 
b. Collect 3 UDOC PM Samples if an Active Regeneration Test is being 
Conducted 
c. Collect UDOC, DDOC, DCPF Emissions if an Active Regeneration Test 
is being Conducted 
d. Verify Fuel Dosing Rate if running an Active Regeneration Test 
3. Run a Substrate Cleanout 
a. 600 °C 
b. 30 minutes 
Stage 1- 30 Min 
1. DDOC Emissions- 7 Min. Sample 
2. UDOC PSD 
3. 1 PM UDOC Sample- 5 Min. 
4. DCPF Emissions- 7 Min. Sample 
5. DDOC PSD 
6. UDOC Emissions- 7 Min. Sample 
7. DCPF PSD 
Weigh the Substrate at this Point 
Stage 2- 3 Hours 
1. DDOC Emission- 15 Min. Sample 
2. UDOC PSD Sample 
3. DCPF PSD Sample 
4. 2 UDOC PM Samples- 5 Min. Each 
5. DCPF Emissions- 15 Min. Sample 
6. DDOC PSD Sample 
7. 1 DCPF PM Sample- 1 Hour 
8. UDOC Emissions- 15 Min. Sample 
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9. DDOC Dilution Ratio- 10 Min. 
10. UDOC Dilution Ratio- 10 Min.  
11. DCPF Dilution Ratio- 10 Min. 
12. DDOC Emission- 15 Min. Sample 
13. UDOC PSD Sample 
14. DCPF PSD Sample 
15. 2 UDOC PM Samples- 5 Min. Each 
16. DCPF Emissions- 15 Min. Sample 
17. DDOC PSD Sample 
18. UDOC Emissions- 15 Min. Sample 
Weigh the Substrate at this Point 
Test Plan for Part 2 (8 PM Samples are Needed) 
Start with the stock CPF in exhaust if a substrate scan was taken after Stage 2. 
If no substrate scan was taken after Stage 2, skip to Ramp Up. 
1. Warm Engine Up 
2. Verify Passive Oxidation Condition/ Active Regeneration Condition  
a. Collect Dilution Ratio Data at Passive Oxidation/ Active Regeneration 
Condition 
b. Collect 3 UDOC PM Samples if an Active Regeneration Test is being 
Conducted 
c. Collect UDOC, DDOC, DCPF Emissions if an Active Regeneration Test 
is being Conducted 
d. Verify Fuel Dosing Rate if running an Active Regeneration Test 
3. Collect Dilution Ratio Data at Loading Condition 
Install Removable Can CPF in Exhaust 
Pre Ramp Up-  
30 Minutes for Point F and A / 1 Hour for Point H and AR 
1. DDOC Emissions- 7 Min. Sample 
2. UDOC PSD 
3. DDOC PSD (DCPF for H and AR) 
4. 2 PM UDOC Samples- 5 Min. Each 
5. DCPF Emissions- 7 Min. Sample 
6. 1 PM DCPF Sample- 30 Min. (Point H and AR only) 
7. DCPF PSD (DDOC for H and AR) 
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8. UDOC Emissions- 7 Min. Sample 
Weigh the Substrate at this Point 
Ramp Up- 15 Min 
Pre-Active Regeneration Ramp-10 min 
Passive Oxidation 
Point A- Run for 130 Min: 2% Oxidation (20 min samples for emissions) 
Point F- Run for 111 Min: 40% Oxidation 
Point F- Run for 227 Min: 70% Oxidation 
Point H- Run for 40 Min: 40% Oxidation 
1. DDOC Emission- 10 Min. Sample 
2. UDOC PSD Sample 
3. DCPF PSD Sample 
4. 3 UDOC PM Samples- 5 Min. Each 
5. DCPF Emissions- 10 Min. Sample 
6. 1 DCPF PM Sample- 30 Min. (Point F and A only) 
7. DDOC PSD Sample 
8. UDOC Emissions- 10 Min. Sample 
Active Regeneration 
525 °C Test- 34 Min of Dosing: 52% Oxidation 
525 °C Test- 16 Min of Dosing: 30% Oxidation (5 Min Emission Samples) 
1. DDOC Emissions- 10 Min. Sample 
2. DCPF PSD 
3. DCPF Emissions- 10 Min. Sample 
4. DDOC PSD 
600 °C Test- 9 min of Dosing: 70% Oxidation 
1. DDOC- 2 Min. Samples- NOX Only 
2. DCPF- 2 Min. Samples- NOX Only 
Stage 3- 30 minutes 
1. DDOC Emissions- 7 Min. Sample 
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2. UDOC PSD 
3. 2 PM UDOC Sample- 5 Min. Each 
4. DCPF Emissions- 7 Min. Sample 
5. DDOC PSD 
6. UDOC Emissions- 7 Min. Sample 
7. DCPF PSD 
Weigh the Substrate at this Point 
Test Plan for Part 3 (5 PM Samples Needed) 
Start with a stock CPF in exhaust if a substrate scan was taken after Stage 3. 
If no substrate scan was taken after Stage 3, skip to Stage 4. 
1. Warm Engine Up 
2. Collect Loading Dilution Ratio Data UDOC, DDOC, DCPF for 10 Minutes Each 
Install Removable Can CPF in Exhaust 
Pre Stage 4- 30 Min 
1. DDOC Emissions- 7 Min. Sample 
2. UDOC PSD 
3. 2 PM UDOC Sample- 5 Min. Each 
4. DCPF Emissions- 7 Min. Sample 
5. DDOC PSD 
6. UDOC Emissions- 7 Min. Sample 
7. DCPF PSD 
Weigh the Substrate at this Point 
Stage 4- 60 Min 
1. DDOC Emissions- 10 Min. Sample 
2. UDOC PSD Sample 
3. DCPF PSD Sample 
4. 2 PM UDOC Sample- 5 Min. Each 
5. DCPF Emissions- 10. Min Sample 
6. 1 PM DCPF Sample- 30 Min. 
7. DDOC PSD Sample 
8. UDOC Emissions- 10 Min. Sample 
Weigh the Substrate at this Point 
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Appendix F. PM Reaction Rate  
The experiments that were conducted during the PM distribution study were designed to 
be similar to the tests conducted by Hutton [3], Shiel [4], and Pidgeon [5].  The PM 
reaction rates that were found for the passive oxidation and active regeneration tests that 
were conducted were plotted with the PM reaction rates from the tests conducted by 
Hutton, Shiel, and Pidgeon, the result of which is shown in Figure F.1.  The reaction rate 
calculations are explained by Hutton [3] and Pidgeon [5].  In Figure F.1, the “X” data 
points represent the PM distribution tests that were discussed.  The reaction rates for the 
PM distribution tests were similar to the reaction rates for the tests conducted by Hutton, 
Shiel, and Pidgeon.  This indicates that the CPFs used for the PM distribution tests, that 
utilized a removable can, had PM oxidation kinetics that were similar to the production 
CPFs used for the tests conducted by Hutton, Shiel, and Pidgeon.  Additionally, the test 
conducted on the ISB engine had similar reaction rates as the tests conducted on the ISL 
engine. 
 
Figure F.1: PM Reaction Rate Plot 
The reaction rates that were found during six PM distribution tests are compared against 
the model predicted reaction rates in Figure F.2.  The plot shows the NO2 concentration 
on the x-axis, and the average CPF temperature on the y-axis.  The contour lines shown 
represent the reaction rates as calculated by the model.  The model was calibrated with 
data collected by Shiel [4] and Pidgeon [5].  Near each data point (the “X” points) is the 
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calculated reaction rate, based on the experimental data, and the model predicted value.  
The data points near or above 0.0001 s-1 are passive oxidation or active regeneration 
experiments and the data points below 0.0001 s-1 are loading experiments.  In general, the 
model predicted reaction rates are similar to the experimental reaction rates.  
Experimental variation is likely responsible for the differences between the experimental 
and modeled reaction rates.  There was limited ULSD data available for the calibration of 
the model, which may also be the cause of the differences.  The similarity between the 
experimental and modeled reaction rates provides further evidence that the PM oxidation 
kinetics for the PM distribution study were similar to the PM oxidation kinetics for the 
tests conducted by Shiel [4] and Pidgeon [5].   
 
Figure F.2: Experimental Versus Model Predicted Reaction Rates 
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Appendix G. Substrate Mass Discrepancies 
Throughout the course of the PM distribution experiments, it was found that the 
substrates used in the experiments were not being completely cleaned out between tests.  
Table G.1 lists the differences that were found between the in- test measurements taken at 
the completion of the stage listed, and substrate only measurement taken prior to shipping 
the substrate.  A positive value indicates that the substrate only measurement was higher 
than the in- test measurement.  For Phase 1, the largest difference in the measurements 
was found during Test 4, with a value of 3.6 grams.  The cause of this increase in mass is 
not known, but it was either residual PM that was not cleaned out between tests or ash 
loading.  During Phase 1, the differences in the substrate mass measurements were not 
investigated since the residual PM was minimal.  During Phase 2, differences in the mass 
measurement were between 1 and 18 grams.  Substrate 2 from Phase 2 had the largest 
difference between the in- test and substrate only measurements, with differences 
between 15 and 18 grams.  The large amount of difference in the mass measurements 
prompted an investigation of the cause of the difference.   
Table G.1: Difference Between In- Test and Substrate Only Mass Measurements 
Tests Substrate Stage 
Difference 
grams g/L 
Phase 1 
Test 1 1 Loading 0.4 0.0 
Test 2 2 Active Regeneration 0.5 0.0 
Test 3 2 Passive Oxidation 2.1 0.2 
Test 4 2 Active Regeneration 3.6 0.3 
Phase 2 
Test 1 1 Loading 1.4 0.1 
Test 2 2 Cleanout 15.5 0.9 
Test 3 3 Active Regeneration 6.0 0.4 
Test 4 4 Active Regeneration 7.7 0.5 
Test 5 2 Active Regeneration 18.3 1.1 
Test 6 1 Loading 5.4 0.3 
Test 7 3 Passive Oxidation 6.7 0.4 
Test 8 2 Passive Oxidation 16.4 1.0 
Test 9 4 Balance Point 9.5 0.6 
 
The differences in the substrate mass were investigated by performing an off-engine 
substrate cleanout.  This was done by baking the substrates, at Cummins, using a 
transient cycle that has temperatures between 150 and 625 °C and lasts for a total of 20 
hours [37].  After the cleanout was completed, the substrates were weighed at Cummins, 
following the procedure in Appendix B.3.  The differences between the initial and final 
masses of the four substrates used during Phase 2 are shown in Table G.2.   
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Table G.2: Difference Between Initial and Final Mass at Cummins 
Initial Mass (g) Final Mass (g) Difference (g) 
Substrate 1 8369.5 8371.5 2.0 
Substrate 2 8377.5 8390.9 13.4 
Substrate 3 7497.9 7491.8 -6.1 
Substrate 4 7451.6 7454.8 3.2 
 
After weighing the substrates, Leigh Rogoski and her team at Cummins used a borescope 
to check each substrate for residual carbonaceous PM and ash loading.  Each substrate 
was found to have no carbonaceous PM left after the cleanout.  Substrates 1, 3, and 4 had 
a small amount of ash, if any, near the channel plugs.  Substrate 1 had a difference of 2.0 
grams, which is likely the ash loading combined with experimental error.  Substrate 3 had 
a difference of -6.1 grams, which was caused by some damage to the edges of the 
substrate.  Without the damage, substrate 3 would be expected to have a difference 
similar to substrates 1 and 4, since it was used for approximately the same amount of 
time.  Substrate 4 had a difference of 3.2 grams, which is the combined effect of ash 
loading and experimental variation.  Substrate 2 had a difference of 13.4 grams which is 
caused by ash loading.  The borescope images showed ash loading throughout substrate 
2.  The additional ash loading in substrate 2 was caused by the 70 hours of research 
performed on the substrate prior to the first PM distribution experiment being performed. 
A literature search was conducted to determine if 13 grams of ash loading is reasonable 
for 70 hours of CPF operation.  In reference [48], Aravelli, et al., used a 1992 Cummins 
N14 engine to perform ash loading on a substrate.  They correlated the amount of oil 
consumed during testing with the amount of ash loaded in a substrate, and a linear trend 
was found.  Based on their work, after 70 hours of operation approximately 3000 grams 
of oil was consumed.  This correlates to 28 grams of ash accumulation in the particulate 
filter.  For this test, the crankcase blowby gases were routed into the intake of the engine 
which will increase the engine out ash concentration.  Another study by Manni, et al., 
[49], used a 1.9 L passenger car engine to study ash loading on a substrate.  Their work 
shows that after 70 hours of operation, 900 grams of oil would be consumed.  This 
correlates to 4 grams of ash loading.  Both of these engines are drastically different than 
the 2007 Cummins ISL that was used for the Phase 2 research, but the data shows that 
between 4 and 28 grams of ash loading can be expected after 70 hours of operation.  This 
indicates that the 13 grams of ash in substrate 2 is reasonable for the number of hours it 
was used. 
The data in Table G.2 suggest that the differences in Table G.1 are caused by both 
residual PM that was not cleaned out between tests, and ash loading.  The difference 
between the initial and final mass for each of the four substrates were subtracted from the 
differences found between the in-test and substrate only measurements, and the results 
are shown in Table G.3.  For the tests using substrate 3, the differences between the in-
test and substrate only measurements were corrected using a value of 2.6 grams, which is 
the average of the initial and final mass differences for substrates 1 and 4.   The 
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differences between the in- test and substrate only mass measurements were between -0.6 
and 6.3 grams, which is a result similar to the results found in Table G.1 for the Phase 1 
experiments.  This indicates that all of the substrates had a similar amount of residual PM 
that was not cleaned out between tests. 
Table G.3: Corrected Differences Between In-Test and Substrate Only Measurements 
Tests Substrate Stage Difference grams g/L 
Phase 2 
Test 1 1 Loading -0.6 0.0 
Test 2 2 Cleanout 2.1 0.1 
Test 3 3 Active Regeneration 3.4 0.2 
Test 4 4 Active Regeneration 4.5 0.3 
Test 5 2 Active Regeneration 4.9 0.3 
Test 6  1 Loading 3.4 0.2 
Test 7 3 Passive Oxidation 4.1 0.2 
Test 8  2 Passive Oxidation 3.0 0.2 
Test 9 4 Balance Point 6.3 0.4 
 
The substrate mass measurements that were used to calculate the PM density in the Phase 
2 data from the TAS7000 were not adjusted to account for the ash loading.  This is 
because the TAS7000 was measuring the total amount of constituent retained in the 
substrate, which includes PM and ash.  In future tests, care will have to be taken to only 
measure the PM loading in the substrate, if direct PM density measurements are to be 
taken.  This is especially important if a substrate is used for more than 50 hours of 
research, when the ash loading may be more than 2 or 3 grams. 
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Appendix H. Test Pressure Drop Curves 
This appendix presents the pressure drop curves for each test that was conducted.  
Although the pressure drop across the CPF was not of critical importance during this 
research, it is a good measure of the repeatability of the tests.  The peak loading in the 
CPF should result in similar pressure drops. 
 
Phase 1 Test 1  
 
Figure H.1: Phase 1 Test 1 Pressure Drop Curves 
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Phase 1 Test 2  
 
Figure H.2: Phase 1 Test 2 Pressure Drop Curves 
Phase 1 Test 3  
 
Figure H.3: Phase 1 Test 3 Pressure Drop Curves 
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Phase 1 Test 4  
 
Figure H.4: Phase 1 Test 4 Pressure Drop Curves 
Phase 2 Test 1  
 
Figure H.5: Phase 2 Test 1 Pressure Drop Curves 
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Phase 2 Test 2  
 
Figure H.6: Phase 2 Test 2 Pressure Drop Curves 
Phase 2 Test 3  
 
Figure H.7: Phase 2 Test 3 Pressure Drop Curves 
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Phase 2 Test 4  
 
Figure H.8: Phase 2 Test 4 Pressure Drop Curves 
Phase 2 Test 5  
 
Figure H.9: Phase 2 Test 5 Pressure Drop Curves 
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Phase 2 Test 6  
 
Figure H.10: Phase 2 Test 6 Pressure Drop Curves 
Phase 2 Test 7  
 
Figure H.11: Phase 2 Test 7 Pressure Drop Curves 
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Phase 2 Test 8  
 
Figure H.12: Phase 2 Test 8 Pressure Drop Curves 
Phase 2 Test 9  
 
Figure H.13: Phase 2 Test 9 Pressure Drop Curves  
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Appendix I. Average CPF Temperatures  
This appendix presents the average temperature distribution in the CPF.  The data in the 
plots is the average of the CPF temperatures at each axial and radial location for the last 5 
minutes of a particular stage of the test.  Any missing data points are caused by broken 
thermocouples.  Only the plots for the stages that represent the goals of the individual test 
are shown.  For example, if the test was designed to investigate passive oxidation trends, 
only the temperature distribution for the passive oxidation event is shown.   
 
Phase 1 Test 1  
 
Figure I.1: Radial Temperature Distribution for Phase 1 Test 1 Loading 
 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
200
225
250
275
300
325
350
375
400
Test 1: Loading
Substrate Temperature Distribution in Last 5 Minutes of Stage
R∗=1 Corresponds to 114 mmZ∗=1 Corresponds to 280 mm
R∗
Te
m
pe
ra
tu
re
 (°
C
)
Missing Data Points Caused
by Broken Thermocouples
 
 
Z*=0.09
Z*=0.36
Z*=0.64
Z*=0.91
 198 
 
 
Figure I.2: Radial Temperature Distribution for Phase 1 Test 1 Active Regeneration 
 
Phase 1 Test 2  
 
Figure I.3: Radial Temperature Distribution for Phase 1 Test 2 Active Regeneration 
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Phase 1 Test 3  
 
Figure I.4: Radial Temperature Distribution for Phase 1 Test 3 Passive Oxidation 
 
Phase 1 Test 4  
 
Figure I.5: Radial Temperature Distribution for Phase 1 Test 4 Active Regeneration 
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Phase 2 Test 1  
 
Figure I.6: Radial Temperature Distribution for Phase 2 Test 1 Loading 
 
 
Figure I.7: Radial Temperature Distribution for Phase 2 Test 1 Passive Oxidation 
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Phase 2 Test 2  
 
Figure I.8: Radial Temperature Distribution for Phase 2 Test 2 Cleanout 
 
Phase 2 Test 3  
 
Figure I.9: Radial Temperature Distribution for Phase 2 Test 3 Active Regeneration 
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Phase 2 Test 4  
 
Figure I.10: Radial Temperature Distribution for Phase 2 Test 4 Active Regeneration 
 
Figure I.11: Radial Temperature Distribution for Phase 2 Test 4 Post Loading 
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Phase 2 Test 5  
 
Figure I.12: Radial Temperature Distribution for Phase 2 Test 5 Active Regeneration 
 
Phase 2 Test 6  
 
Figure I.13: Radial Temperature Distribution for Phase 2 Test 6 Loading 
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Figure I.14: Radial Temperature Distribution for Phase 2 Test 6 Second Loading 
 
Phase 2 Test 7  
 
Figure I.15: Radial Temperature Distribution for Phase 2 Test 7 Passive Oxidation 
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Figure I.16 Radial Temperature Distribution for Phase 2 Test 7 Post Loading 
 
Phase 2 Test 8  
 
Figure I.17: Radial Temperature Distribution for Phase 2 Test 8 Passive Oxidation 
 
 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
200
225
250
275
300
325
350
375
400
Test 7: Post Loading
Substrate Temperature Distribution in Last 5 Minutes of Stage
R∗=1 Corresponds to 267 mm
R∗
Te
m
pe
ra
tu
re
 (°
C
)
Missing Data Points Caused
by Broken Thermocouples
 
 
Z*=0.13
Z*=0.38
Z*=0.63
Z*=0.88
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
250
275
300
325
350
375
400
425
450
475
500
525
550
Test 8: Passive Oxidation
Substrate Temperature Distribution in Last 5 Minutes of Stage
R∗=1 Corresponds to 267 mm
R∗
Te
m
pe
ra
tu
re
 (°
C
)
Missing Data Points Caused
by Broken Thermocouples
 
 
Z*=0.13
Z*=0.38
Z*=0.63
Z*=0.88
 206 
 
Phase 2 Test 9  
 
Figure I.18: Radial Temperature Distribution for Phase 2 Test 9 Balance Point 
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Appendix J. Emissions Measurements by Stage 
This appendix presents the average emissions for each stage of the experiments 
conducted.  Some of the THC measurements were calculated using a method presented 
by Pidgeon in reference [5].  Comments regarding the data are made below each table. A 
value of NA indicates that a stage was not run during a test or the data is otherwise 
unavailable. 
 Phase 1 Results J.1.
Table J.1: Stage 1 Emission Summaries 
THC 
(ppmC) 
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm) 
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  70 563 521 42 84 5.46 13.43
DDOC 4 536 246 290 0 5.47 13.44
DCPF 3 561 258 302 0 5.42 13.48
Test 2 
UDOC  95 556 525 31 83 5.47 13.60
DDOC 7 529 191 338 0 5.48 13.56
DCPF 4 552 178 373 0 5.63 13.36
Test 3 
UDOC  48 522 464 58 94 5.33 13.80
DDOC 6 481 310 170 0 5.23 13.95
DCPF 0 510 329 181 0 5.36 13.77
Test 4 
UDOC  82 506 467 39 84 5.46 12.75
DDOC 5 493 172 321 0 5.48 13.03
DCPF 3 520 209 311 0 5.52 12.83
Table J.2: Stage 2-1 Emission Summaries 
THC 
(ppmC)
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm) 
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  41 107 91 16 171 5.56 13.31
DDOC 14 110 58 52 0 5.50 13.45
DCPF 2 109 53 56 0 5.56 13.34
Test 2 
UDOC  43 109 92 17 171 5.63 13.20
DDOC 10 109 61 48 0 5.52 13.37
DCPF 0 107 50 57 0 5.61 13.24
Test 3 
UDOC  66 102 86 17 192 6.08 12.82
DDOC 19 105 66 39 3 5.98 12.99
DCPF 1 104 55 49 0 6.08 12.83
Test 4 
UDOC  43 95 88 7 144 6.93 12.49
DDOC 16 98 49 50 0 5.63 12.67
DCPF 3 93 53 40 0 5.69 12.49
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Table J.3: Stage 2w-1 Emission Summaries 
THC 
(ppmC) 
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm) 
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  77 563 521 42 91 5.39 13.47
DDOC 5 536 246 290 0 5.27 13.64
DCPF 3 561 258 302 0 5.27 13.63
Test 2 
UDOC  30 580 533 48 91 5.36 13.50
DDOC 0 548 273 275 0 5.33 13.52
DCPF 0 576 341 235 0 5.32 13.55
Test 3 
UDOC  48 531 475 56 95 5.25 13.93
DDOC 4 458 306 151 0 5.03 14.22
DCPF 0 521 350 171 0 5.22 13.97
Test 4 
UDOC  62 499 460 39 91 5.37 12.65
DDOC 3 421 197 223 0 5.31 13.39
DCPF 2 483 316 167 0 5.34 12.65
 
 
 
Table J.4: Stage 2-2 Emission Summaries 
THC 
(ppmC) 
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm) 
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  45 107 91 16 234 9.61 12.76
DDOC 23 110 58 52 0 5.85 13.01
DCPF 8 109 53 56 0 5.91 12.93
Test 2 
UDOC  
NA DDOC 
DCPF 
Test 3 
UDOC  
NA DDOC 
DCPF 
Test 4 
UDOC  
NA DDOC 
DCPF 
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Table J.5: Stage 2w-2 Emission Summaries 
THC 
(ppmC) 
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm) 
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  78 563 521 42 91 5.37 13.67
DDOC 7 536 246 290 0 5.34 13.70
DCPF 5 561 258 302 0 5.44 13.57
Test 2 
UDOC  
NA DDOC 
DCPF 
Test 3 
UDOC  
NA DDOC 
DCPF 
Test 4 
UDOC  
NA DDOC 
DCPF 
 
 
Table J.6: Pre Ramp Up Emission Summaries 
THC 
(ppmC)
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm) 
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  96 534 489 45 86 5.25 13.53
DDOC 12 511 397 114 0 5.31 13.43
DCPF 28 553 340 213 0 5.36 13.38
Test 2 
UDOC  
NA DDOC 
DCPF 
Test 3 
UDOC  52 486 430 56 98 5.39 13.73
DDOC 18 481 432 49 0 5.49 13.63
DCPF 1 479 326 154 0 5.55 13.52
Test 4 
UDOC  
NA DDOC 
DCPF 
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Table J.7: Oxidation Emission Summaries 
THC 
(ppmC) 
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm) 
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC*  16663 479 473 7 107 9.91 7.43 
DDOC 392 484 459 24 0 10.32 6.24 
DCPF 20 498 416 82 0 10.77 6.21 
Test 2 
UDOC*  16145 515 504 10 94 9.86 7.56 
DDOC 52 511 459 52 0 10.69 6.43 
DCPF 8 501 402 99 0 10.79 6.32 
Test 3 
UDOC  24 436 420 16 97 9.38 8.30 
DDOC 5 479 223 256 0 9.72 7.92 
DCPF 0 449 246 202 0 9.61 8.00 
Test 4 
UDOC* 30650 447 443 3 100 9.88 6.65 
DDOC 410 528 476 52 0 10.51 4.12 
DCPF 42 446 429 17 0 10.78 3.79 
* THC is calculated using James' method.  Other values are taken from the Pre-Test 
 
 
Table J.8: Stage 3 Emission Summaries 
THC 
(ppmC) 
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm) 
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  100 571 527 45 83 5.42 13.27 
DDOC 10 558 217 341 0 5.64 12.39 
DCPF 2 572 273 299 0 5.46 13.23 
Test 2 
UDOC  36 575 532 44 82 5.39 13.53 
DDOC 1 531 149 382 1 5.38 13.51 
DCPF 0 550 159 391 0 5.29 13.64 
Test 3 
UDOC  43 549 488 61 89 5.37 13.75 
DDOC 0 504 193 311 0 5.16 14.00 
DCPF 0 530 311 219 0 5.31 13.83 
Test 4 
UDOC  68 498 458 40 83 5.40 12.63 
DDOC 5 464 193 271 0 5.51 12.75 
DCPF 1 508 217 291 0 5.37 12.63 
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 Phase 2 Results J.2.
 
Table J.9: Stage 1 Emission Summaries 
THC 
(ppmC)
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm) 
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  80 102 79 23 121 5.24 13.72 
DDOC 28 96 64 32 13 5.18 13.83
DCPF 7 89 43 46 0 4.62 14.57
Test 3 
UDOC  67 104 78 27 117 5.22 13.57 
DDOC 12 99 63 36 0 5.25 13.58
DCPF 3 102 61 41 0 5.24 13.57
Test 4 
UDOC  78 96 70 26 122 4.93 13.71
DDOC 9 86 54 33 0 4.93 13.71
DCPF 2 95 57 38 0 4.91 13.73
Test 5 
UDOC  62 92 65 28 129 5.36 13.29
DDOC 2 81 48 33 0 5.37 13.32
DCPF 0 89 56 33 0 5.35 13.31
Test 6 
UDOC  91 87 61 26 127 5.36 13.61
DDOC 17 78 42 36 0 5.39 13.59
DCPF 8 86 44 42 0 5.39 13.58
Test 7 
UDOC  76 76 55 22 132 5.31 13.48
DDOC 14 70 39 31 0 5.30 13.52
DCPF 4 75 42 33 0 5.28 13.53
Test 8 
UDOC  85 80 54 26 126 5.23 13.56
DDOC 19 72 39 33 0 5.22 13.60
DCPF 8 77 45 32 0 5.23 13.57
Test 9 
UDOC  47 86 61 25 120 5.19 13.68
DDOC 3 83 44 39 0 5.23 13.66
DCPF 0 86 48 37 0 5.27 13.58
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Table J.10: Stage 2 Emission Summaries 
THC 
(ppmC) 
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm) 
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  52 104 80 24 118 5.25 13.58 
DDOC 13 98 70 28 0 4.99 13.97 
DCPF 2 89 59 30 0 4.59 14.53 
Test 3 
UDOC  50 106 80 26 116 5.49 13.58 
DDOC 17 102 74 28 0 5.47 13.64 
DCPF 2 103 77 26 0 5.48 13.61 
Test 4 
UDOC  74 104 78 26 121 5.06 13.67 
DDOC 15 93 65 27 0 5.05 13.69 
DCPF 4 99 74 25 0 5.08 13.64 
Test 5 
UDOC  55 96 68 28 130 5.38 13.29 
DDOC 22 86 59 27 0 5.37 13.31 
DCPF 5 90 69 21 0 5.39 13.27 
Test 6 
UDOC  72 97 70 27 127 5.46 13.38 
DDOC 18 88 56 32 0 5.48 13.40 
DCPF 5 94 62 33 0 5.49 13.36 
Test 7 
UDOC*  68 80 60 20 64 5.08 13.36 
DDOC* 11 76 49 27 0 5.33 13.48 
DCPF* 7 77 57 20 0 4.98 12.85 
Test 8 
UDOC  67 86 60 26 120 5.16 13.64 
DDOC 17 77 49 28 0 5.19 13.62 
DCPF 4 81 59 22 0 5.19 13.61 
Test 9 
UDOC  29 86 63 24 121 5.23 13.65 
DDOC 4 85 54 31 0 5.25 13.66 
DCPF 0 87 63 24 0 5.25 13.64 
* CO, CO2, and O2 Vacuum Pump Failed  
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Table J.11: Pre Ramp Up Emission Summaries 
THC 
(ppmC)
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm) 
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  27 101 77 24 119 5.32 13.48 
DDOC 2 98 74 24 0 5.30 13.54 
DCPF 0 101 82 19 0 5.30 13.51 
Test 3 
UDOC  
NA DDOC 
DCPF 
Test 4 
UDOC  
NA DDOC 
DCPF 
Test 5 
UDOC  
NA DDOC 
DCPF 
Test 6 
UDOC  
NA DDOC 
DCPF 
Test 7 
UDOC  
NA DDOC 
DCPF 
Test 8 
UDOC  
NA DDOC 
DCPF 
Test 9 
UDOC  
NA DDOC 
DCPF 
 
 
 
 
 
 
 
 214 
 
Table J.12: Oxidation Stage Emission Summaries 
THC 
(ppmC) 
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm)
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  19 202 193 10 65 8.87 8.76 
DDOC 0 198 98 100 0 8.97 8.66 
DCPF 0 200 116 84 0 8.91 8.72 
Test 3 
UDOC*  11724 142 127 15 89 8.42 9.34 
DDOC 792 135 134 1 38 10.20 7.44 
DCPF 36 134 124 9 0 10.31 7.29 
Test 4 
UDOC*  13188 151 136 15 87 7.93 9.66 
DDOC 629 131 130 0 29 9.51 7.46 
DCPF 23 138 129 9 0 9.57 7.36 
Test 5 
UDOC*  17107 125 108 17 101 8.45 9.18 
DDOC** - 111 111 1 51 9.55 6.99 
DCPF** - 116 114 2 0 10.58 6.42 
Test 6 
UDOC  
NA DDOC 
DCPF 
Test 7 
UDOC  32 165 156 10 74 8.83 8.76 
DDOC 0 167 74 93 0 8.93 8.67 
DCPF 0 172 98 74 0 8.86 8.72 
Test 8 
UDOC  38 171 159 11 69 8.74 8.84 
DDOC 6 177 72 104 0 8.78 8.82 
DCPF 1 186 101 85 0 8.76 8.83 
Test 9 
UDOC***  - - - - - - - 
DDOC*** - - - - - - - 
DCPF*** - - - - - - - 
* THC is calculated using James' method.  Other values are taken from the Pre-Test 
** THC Analyzer was not Working Properly 
*** The Software did not Record any Data 
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Table J.13: Stage 3 Emission Summaries 
THC 
(ppmC) 
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm) 
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  27 101 74 26 119 5.29 13.40 
DDOC 2 100 72 28 0 5.36 13.36 
DCPF 0 101 65 36 0 5.34 13.35 
Test 3 
UDOC  67 102 78 24 119 5.52 13.50 
DDOC 32 97 80 17 1 5.54 13.47 
DCPF 6 100 70 30 0 5.54 13.46 
Test 4 
UDOC  90 110 84 26 120 5.03 13.65 
DDOC 36 106 84 22 1 5.13 13.52 
DCPF 11 107 78 30 0 5.09 13.56 
Test 5 
UDOC* - 99 73 26 128 5.38 13.20 
DDOC* - 87 63 23 1 5.38 13.22 
DCPF* - 94 65 29 0 5.44 13.13 
Test 6 
UDOC  
NA DDOC 
DCPF 
Test 7 
UDOC  84 80 58 23 130 5.36 13.36 
DDOC 17 74 49 25 0 5.33 13.39 
DCPF 9 78 55 23 0 5.36 13.35 
Test 8 
UDOC  58 86 59 27 119 5.14 13.67 
DDOC 9 70 38 32 0 5.27 13.52 
DCPF 3 81 57 23 0 5.15 13.66 
Test 9 
UDOC**  - - - - - - - 
DDOC** - - - - - - - 
DCPF** - - - - - - - 
* THC Analyzer was not Working Properly  
** The Software did not Record any Data 
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Table J.14: Pre Stage 4 Emission Summaries 
THC 
(ppmC) 
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm)
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  
NA DDOC 
DCPF 
Test 3 
UDOC  
NA DDOC 
DCPF 
Test 4 
UDOC  74 84 61 24 123 5.25 13.68 
DDOC 14 68 51 16 0 5.29 13.67 
DCPF 24 75 65 10 0 5.29 13.64 
Test 5 
UDOC  
NA DDOC 
DCPF 
Test 6 
UDOC*  - 59 43 15 - - 13.28 
DDOC* - 55 49 6 - - 13.31 
DCPF* - 60 45 16 - - 13.26 
Test 7 
UDOC**  - 58 37 21 130 5.31 13.57 
DDOC** - 52 36 16 0 5.36 13.55 
DCPF** - 55 42 13 0 5.32 13.57 
Test 8 
UDOC  
NA DDOC 
DCPF 
Test 9 
UDOC  
NA DDOC 
DCPF 
* The Pump and Cooler for the CO, CO2, and O2 Analyzers Failed  
** THC Analyzer was not Working 
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Table J.15: Stage 4 Emission Summaries 
THC 
(ppmC) 
NOX 
(ppm) 
NO 
(ppm) 
NO2 
(ppm) 
CO 
(ppm) 
CO2 
(%) 
O2 
(%) 
Test 1 
UDOC  
NA DDOC 
DCPF 
Test 3 
UDOC  
NA DDOC 
DCPF 
Test 4 
UDOC  70 87 63 24 120 5.14 13.85 
DDOC 14 79 51 28 0 5.20 13.78 
DCPF 12 80 65 15 0 5.21 13.75 
Test 5 
UDOC  
NA DDOC 
DCPF 
Test 6 
UDOC  55 53 35 18 129 5.23 13.51 
DDOC 15 55 33 23 0 5.17 13.51 
DCPF 5 55 34 22 0 5.20 13.49 
Test 7 
UDOC*  - 57 37 21 125 5.20 13.71 
DDOC* - 54 37 17 0 5.29 13.62 
DCPF* - 54 39 15 0 5.22 13.70 
Test 8 
UDOC  
NA DDOC 
DCPF 
Test 9 
UDOC  
NA DDOC 
DCPF 
*THC Analyzer was not Working 
 
  
 218 
 
Appendix K. Additional PM Distribution Plots 
This appendix contains additional PM distribution plots for each test.   
Phase 1 Test 1 Loading Scan 
 
Figure K.1: Phase 1 Test 1- Loading Z*=0.375 
 
Figure K.2: Phase 1 Test 1- Loading Z*=0.625 
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Figure K.3: Phase 1 Test 1- Loading Z*=0.875 
 
Phase 1 Test 1 Active Regeneration Scan 
 
Figure K.4: Phase 1 Test 1- Active Regeneration Z*=0.375 
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Figure K.5: Phase 1 Test 1- Active Regeneration Z*=0.625 
 
Figure K.6: Phase 1 Test 1- Active Regeneration Z*=0.875 
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Phase 1 Test 2 Active Regeneration Scan 
 
Figure K.7: Phase 1 Test 2- Active Regeneration Z*=0.375 
 
Figure K.8: Phase 1 Test 2- Active Regeneration Z*=0.625 
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Figure K.9: Phase 1 Test 2- Active Regeneration Z*=0.875 
 
Phase 1 Test 3 Passive Oxidation Scan 
 
Figure K.10: Phase 1 Test 3- Passive Oxidation Z*=0.375 
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Figure K.11: Phase 1 Test 3- Passive Oxidation Z*=0.625 
 
Figure K.12: Phase 1 Test 3- Passive Oxidation Z*=0.875 
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Phase 1 Test 4 Active Regeneration Scan 
 
Figure K.13: Phase 1 Test 4- Active Regeneration Z*=0.375 
 
Figure K.14: Phase 1 Test 4- Active Regeneration Z*=0.625 
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Figure K.15: Phase 1 Test 4- Active Regeneration Z*=0.875 
 
Phase 2 Test 1 Loading Scan 
 
Figure K.16: Phase 2 Test 1- Loading Axial Distribution 
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Figure K.17: Phase 2 Test 1- Loading Z*=0.128 
 
Figure K.18: Phase 2 Test 1- Loading Z*=0.376 
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Figure K.19: Phase 2 Test 1- Loading Z*=0.624 
 
Figure K.20: Phase 2 Test 1- Loading Z*=0.872 
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Phase 2 Test 1 Passive Oxidation Scan 
 
Figure K.21: Phase 2 Test 1- Passive Oxidation Axial Distribution 
 
Figure K.22: Phase 2 Test 1- Passive Oxidation Z*=0.128 
0
2
4
6
8
Radial Section 1- Diameter of 0-133 mm Axial Uniformity Index= 0.90
Average Radial Uniformity Index = 0.97
Average Angular Uniformity Index = 0.98
Axial PM Distribution in Each Radial Section
Test 1: Passive Oxidation
PM
 L
oa
di
ng
 (g
/L
)
Average PM Density = 3.39
Average 95th Percentile Range = 0.18
 
 
Average PM Density for Each Axial Section
95th Percentile Range
0
2
4
6
8
Radial Section 2- Diameter of 133-189 mm Axial Uniformity Index= 0.89
Average PM Density = 3.39
Average 95th Percentile Range = 0.27
0
2
4
6
8
Radial Section 3- Diameter of 189-231 mm Axial Uniformity Index= 0.89
Average PM Density = 3.39
Average 95th Percentile Range = 0.31
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0
2
4
6
8
Z∗
Radial Section 4- Diameter of 231-267 mm Axial Uniformity Index= 0.90
Z∗=1 Corresponds to 304 mm
Average PM Density = 3.15
Average 95th Percentile Range = 0.35
0
2
4
6
8
Radial Section 1- Diameter of 0-133 mm Angular Uniformity Index = 0.99
Angular PM Distribution in Each Radial Section at Z*= 0.128
Test 1: Passive Oxidation
PM
 L
oa
di
ng
 (g
/L
)
Radial Uniformity Index =0.97
Average PM Density = 3.45
Average 95th Percentile Range = 0.24
 
 
Average PM Density
95th Percentile Range
0
2
4
6
8
Radial Section 2- Diameter of 133-189 mm Angular Uniformity Index = 0.99
Average PM Density = 3.45
Average 95th Percentile Range = 0.20
0
2
4
6
8
Radial Section 3- Diameter of 189-231 mm Angular Uniformity Index = 0.98
Average PM Density = 3.45
Average 95th Percentile Range = 0.17
0 45 90 135 180 225 270 315 360
0
2
4
6
8
Θ (°)
Radial Section 4- Diameter of 231-267 mm Angular Uniformity Index = 0.98
Average PM Density = 3.20
Average 95th Percentile Range = 2.12
 229 
 
 
Figure K.23: Phase 2 Test 1- Passive Oxidation Z*=0.376 
 
Figure K.24: Phase 2 Test 1- Passive Oxidation Z*=0.624 
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Figure K.25: Phase 2 Test 1- Passive Oxidation Z*=0.872 
 
Phase 2 Test 2 Cleanout Scan 
 
Figure K.26: Phase 2 Test 2- Cleanout Axial Distribution 
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Figure K.27: Phase 2 Test 2- Cleanout Z*=0.128 
 
Figure K.28: Phase 2 Test 2- Cleanout Z*=0.376 
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Figure K.29: Phase 2 Test 2- Cleanout Z*=0.624 
 
Figure K.30: Phase 2 Test 2- Cleanout Z*=0.872 
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Phase 2 Test 3 Active Regeneration Scan 
 
Figure K.31: Phase 2 Test 3- Active Regeneration Axial Distribution 
 
Figure K.32: Phase 2 Test 3- Active Regeneration Z*=0.128 
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Figure K.33: Phase 2 Test 3- Active Regeneration Z*=0.376 
 
Figure K.34: Phase 2 Test 3- Active Regeneration Z*=0.624 
0
2
4
6
8
Radial Section 1- Diameter of 0-133 mm Angular Uniformity Index = 0.98
Angular PM Distribution in Each Radial Section at Z*= 0.376
Test 3: Active Regeneration
PM
 L
oa
di
ng
 (g
/L
)
Radial Uniformity Index =0.97
Average PM Density = 2.63
Average 95th Percentile Range = 0.24
 
 
Average PM Density
95th Percentile Range
0
2
4
6
8
Radial Section 2- Diameter of 133-189 mm Angular Uniformity Index = 0.98
Average PM Density = 2.63
Average 95th Percentile Range = 0.13
0
2
4
6
8
Radial Section 3- Diameter of 189-231 mm Angular Uniformity Index = 0.98
Average PM Density = 2.63
Average 95th Percentile Range = 0.09
0 45 90 135 180 225 270 315 360
0
2
4
6
8
Θ (°)
Radial Section 4- Diameter of 231-267 mm Angular Uniformity Index = 0.98
Average PM Density = 2.48
Average 95th Percentile Range = 1.59
0
2
4
6
8
Radial Section 1- Diameter of 0-133 mm Angular Uniformity Index = 0.97
Angular PM Distribution in Each Radial Section at Z*= 0.624
Test 3: Active Regeneration
PM
 L
oa
di
ng
 (g
/L
)
Radial Uniformity Index =0.97
Average PM Density = 2.54
Average 95th Percentile Range = 0.24
 
 
Average PM Density
95th Percentile Range
0
2
4
6
8
Radial Section 2- Diameter of 133-189 mm Angular Uniformity Index = 0.98
Average PM Density = 2.54
Average 95th Percentile Range = 0.17
0
2
4
6
8
Radial Section 3- Diameter of 189-231 mm Angular Uniformity Index = 0.97
Average PM Density = 2.54
Average 95th Percentile Range = 0.14
0 45 90 135 180 225 270 315 360
0
2
4
6
8
Θ (°)
Radial Section 4- Diameter of 231-267 mm Angular Uniformity Index = 0.97
Average PM Density = 2.39
Average 95th Percentile Range = 1.53
 235 
 
 
Figure K.35: Phase 2 Test 3- Active Regeneration Z*=0.872 
 
Phase 2 Test 4 Active Regeneration Scan 
 
Figure K.36: Phase 2 Test 4- Active Regeneration Axial Distribution 
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Figure K.37: Phase 2 Test 4- Active Regeneration Z*=0.128 
 
Figure K.38: Phase 2 Test 4- Active Regeneration Z*=0.376 
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Figure K.39: Phase 2 Test 4- Active Regeneration Z*=0.624 
 
Figure K.40: Phase 2 Test 4- Active Regeneration Z*=0.872 
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Phase 2 Test 4 Post Loading Scan 
 
Figure K.41: Phase 2 Test 4- Post Loading Axial Distribution 
 
Figure K.42: Phase 2 Test 4- Post Loading Z*=0.128 
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Figure K.43: Phase 2 Test 4- Post Loading Z*=0.376 
 
Figure K.44: Phase 2 Test 4- Post Loading Z*=0.624 
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Figure K.45: Phase 2 Test 4- Post Loading Z*=0.872 
 
Phase 2 Test 5 Active Regeneration Scan 
 
Figure K.46: Phase 2 Test 5- Active Regeneration Axial Distribution 
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Figure K.47: Phase 2 Test 5- Active Regeneration Z*=0.128 
 
Figure K.48: Phase 2 Test 5- Active Regeneration Z*=0.376 
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Figure K.49: Phase 2 Test 5- Active Regeneration Z*=0.624 
 
Figure K.50: Phase 2 Test 5- Active Regeneration Z*=0.872 
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Phase 2 Test 6 Loading Scan 
 
Figure K.51: Phase 2 Test 6- Loading Axial Distribution 
 
Figure K.52: Phase 2 Test 6- Loading Z*=0.128 
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Figure K.53: Phase 2 Test 6- Loading Z*=0.376 
 
Figure K.54: Phase 2 Test 6- Loading Z*=0.624 
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Figure K.55: Phase 2 Test 6- Loading Z*=0.872 
 
Phase 2 Test 6 Second Loading  
 
Figure K.56: Phase 2 Test 6- Second Loading Axial Distribution 
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Figure K.57: Phase 2 Test 6- Second Loading Z*=0.128 
 
Figure K.58: Phase 2 Test 6- Second Loading Z*=0.376 
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Figure K.59: Phase 2 Test 6- Second Loading Z*=0.624 
 
Figure K.60: Phase 2 Test 6- Second Loading Z*=0.872 
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Phase 2 Test 7 Passive Oxidation Scan 
 
Figure K.61: Phase 2 Test 7- Passive Oxidation Axial Distribution 
 
Figure K.62: Phase 2 Test 7- Passive Oxidation Z*=0.128 
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Figure K.63: Phase 2 Test 7- Passive Oxidation Z*=0.376 
 
Figure K.64: Phase 2 Test 7- Passive Oxidation Z*=0.624 
0
2
4
6
8
Radial Section 1- Diameter of 0-133 mm Angular Uniformity Index = 0.99
Angular PM Distribution in Each Radial Section at Z*= 0.376
Test 7: Passive Oxidation
PM
 L
oa
di
ng
 (g
/L
)
Radial Uniformity Index =0.98
Average PM Density = 1.84
Average 95th Percentile Range = 0.11
 
 
Average PM Density
95th Percentile Range
0
2
4
6
8
Radial Section 2- Diameter of 133-189 mm Angular Uniformity Index = 0.99
Average PM Density = 1.83
Average 95th Percentile Range = 0.06
0
2
4
6
8
Radial Section 3- Diameter of 189-231 mm Angular Uniformity Index = 0.99
Average PM Density = 1.83
Average 95th Percentile Range = 0.06
0 45 90 135 180 225 270 315 360
0
2
4
6
8
Θ (°)
Radial Section 4- Diameter of 231-267 mm Angular Uniformity Index = 0.99
Average PM Density = 1.73
Average 95th Percentile Range = 1.11
0
2
4
6
8
Radial Section 1- Diameter of 0-133 mm Angular Uniformity Index = 0.99
Angular PM Distribution in Each Radial Section at Z*= 0.624
Test 7: Passive Oxidation
PM
 L
oa
di
ng
 (g
/L
)
Radial Uniformity Index =0.98
Average PM Density = 1.79
Average 95th Percentile Range = 0.12
 
 
Average PM Density
95th Percentile Range
0
2
4
6
8
Radial Section 2- Diameter of 133-189 mm Angular Uniformity Index = 0.99
Average PM Density = 1.79
Average 95th Percentile Range = 0.07
0
2
4
6
8
Radial Section 3- Diameter of 189-231 mm Angular Uniformity Index = 0.99
Average PM Density = 1.79
Average 95th Percentile Range = 0.07
0 45 90 135 180 225 270 315 360
0
2
4
6
8
Θ (°)
Radial Section 4- Diameter of 231-267 mm Angular Uniformity Index = 0.99
Average PM Density = 1.68
Average 95th Percentile Range = 1.07
 250 
 
 
Figure K.65: Phase 2 Test 7- Passive Oxidation Z*=0.872 
 
Phase 2 Test 7 Post Loading Scan 
 
Figure K.66: Phase 2 Test 7- Post Loading Axial Distribution 
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Figure K.67: Phase 2 Test 7- Post Loading Z*=0.128 
 
Figure K.68: Phase 2 Test 7- Post Loading Z*=0.376 
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Figure K.69: Phase 2 Test 7- Post Loading Z*=0.624 
 
Figure K.70: Phase 2 Test 7- Post Loading Z*=0.872 
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Phase 2 Test 8 Passive Oxidation Scan 
 
Figure K.71: Phase 2 Test 8- Passive Oxidation Axial Distribution 
 
Figure K.72: Phase 2 Test 8- Passive Oxidation Z*=0.128 
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Figure K.73: Phase 2 Test 8- Passive Oxidation Z*=0.376 
 
Figure K.74: Phase 2 Test 8- Passive Oxidation Z*=0.624 
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Figure K.75: Phase 2 Test 8- Passive Oxidation Z*=0.872 
 
Phase 2 Test 9 Balance Point Scan 
 
Figure K.76: Phase 2 Test 9- Balance Point Axial Distribution 
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Figure K.77: Phase 2 Test 9- Balance Point Z*=0.128 
 
Figure K.78: Phase 2 Test 9- Balance Point Z*=0.376 
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Figure K.79: Phase 2 Test 9- Balance Point Z*=0.624 
 
Figure K.80: Phase 2 Test 9- Balance Point Z*=0.872 
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Appendix L. Data Correlation Check Results by Test 
This appendix shows the data correlation check results for each test that was conducted.  
A consistent coefficient of correlation indicates that the data is good.  A sudden change in 
the coefficient of correlation indicates that there is a shift in the data, or some other 
problem exists. 
 
Phase 1 Test 1 Loading Scan 
 
Figure L.1: Data Correlation for Phase 1 Test 1 Loading Scan 
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Phase 1 Test 1 Active Regeneration Scan 
 
Figure L.2: Data Correlation for Phase 1 Test 1 Active Regeneration Scan 
Phase 1 Test 2 Active Regeneration Scan 
 
Figure L.3: Data Correlation for Phase 1 Test 2 Active Regeneration Scan 
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Phase 1 Test 3 Passive Oxidation Scan 
 
Figure L.4: Data Correlation for Phase 1 Test 3 Passive Oxidation Scan 
Phase 1 Test 4 Active Regeneration Scan 
 
Figure L.5: Data Correlation for Phase 1 Test 4 Active Regeneration Scan 
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Phase 2 Test 1 Loading Scan 
 
Figure L.6: Data Correlation for Phase 2 Test 1 Loading Scan 
Phase 2 Test 1 Passive Oxidation Scan 
 
Figure L.7: Data Correlation for Phase 2 Test 1 Passive Oxidation Scan 
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Phase 2 Test 2 Cleanout Scan 
 
Figure L.8: Data Correlation for Phase 2 Test 2 Cleanout Scan 
Phase 2 Test 3 Active Regeneration Scan 
 
Figure L.9: Data Correlation for Phase 2 Test 3 Active Regeneration 
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Phase 2 Test 4 Active Regeneration Scan 
 
Figure L.10: Data Correlation for Phase 2 Test 4 Active Regeneration Scan 
Phase 2 Test 4 Post Loading Scan 
 
Figure L.11: Data Correlation for Phase 2 Test 4 Post Loading Scan 
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Phase 2 Test 5 Active Regeneration Scan 
 
Figure L.12: Data Correlation for Phase 2 Test 5 Active Regeneration Scan 
Phase 2 Test 6 Loading Scan 
 
Figure L.13: Data Correlation for Phase 2 Test 6 Loading Scan 
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Phase 2 Test 6 Second Loading Scan 
 
Figure L.14: Data Correlation for Phase 2 Test 6 Second Loading Scan 
Phase 2 Test 7 Passive Oxidation Scan 
 
Figure L.15: Data Correlation for Phase 2 Test 7 Passive Oxidation Scan 
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Phase 2 Test 7 Post Loading Scan 
 
Figure L.16: Data Correlation for Phase 2 Test 7 Post Loading Scan 
Phase 2 Test 8 Passive Oxidation Scan 
 
Figure L.17: Data Correlation for Phase 2 Test 8 Passive Oxidation Scan 
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Phase 2 Test 9 Balance Point Scan 
 
Figure L.18: Data Correlation for Phase 2 Test 9 Balance Point Scan 
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Appendix M. Permission to Use Copyrighted Material 
For Figure 3.6: 
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For Figures 2.4 and 2.5: 
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For Figures 2.3, 2.6, 2.7, 2.8, 2.10, 2.11, and 2.2 (In Order) 
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